Co-combustion of diesel and gaseous fuels with exhaust emissions analysis and in-cylinder gas sampling by Talibi, M
       
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Co-combustion of diesel and gaseous 
fuels with exhaust emissions analysis 
and in-cylinder gas sampling 
Midhat Talibi 
Submitted in partial fulfilment of the requirements 
for the degree of Doctor of Philosophy  
at University College London, 
University of London. 
October 2015 
       
2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
I, Midhat Talibi confirm that the work presented in this thesis is my own. Where 
information has been derived from other sources, I confirm that this has been 
indicated in the thesis. 
 
Dated: 14/10/2015
   
      
3 
  
Abstract 
 
from internal combustion engines requires new insights into the processes of energy 
release and in-cylinder species formation from future sustainable fuels. 
This work presents an experimental investigation carried out on a compression-
ignition engine to study the co-combustion of diesel fuel with various gaseous fuels, 
including hydrogen, methane-hydrogen mixtures, biogas and biogas-hydrogen 
mixtures. In addition, a novel in-cylinder gas sampling and analysis system, 
developed during the project, was used to extract samples from the engine cylinder 
during combustion of these gaseous fuels at various stages of the engine cycle, with 
two sampling location arrangements relative to the diesel fuel spray. Furthermore, 
the co-combustion of hydrogen and diesel fuel was investigated with the engine 
intake air boosted and simulated EGR applied. 
It was found that exhaust NOx emissions were minimal at low engine loads when 
in-cylinder gaseous fuel-air stoichiometry was quite lean, but increased rapidly when 
the combined temperatures from gaseous fuel and diesel fuel co-combustion 
exceeded the threshold of NOx formation temperatures. The eventual level of 
exhaust particulate mass emissions was observed to be dependent on two competing 
factors; the aspirated gaseous fuel reduced the intake oxygen concentration 
resulting in increased soot formation rate, while thermal soot oxidation rates 
increased due to higher gaseous fuel combustion temperatures. During the early 
stages of combustion (10 CAD ATDC), the in-cylinder NOx concentration was 
observed to be higher in the region between two sprays, relative to that within the 
spray core. This is attributable to a higher proportion of the aspirated gaseous fuel 
mixture being located between two sprays, resulting in higher gas temperatures 
from combustion, and hence elevated NOx formation rates. In the later stages of 
combustion there was much less distinction in the concentration of species between 
the two sampling locations. 
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 Introduction 
 Motivation 
Since the inception of the internal combustion engine during the late 19th century, 
improvements in durability, reliability and increased power output capability had 
been the primary focus of the evolution of engine design and technology. However, 
in the last few decades the spotlight has shifted towards not only optimising the 
engine in-cylinder reactions to utilise fuel more efficiently, but also producing 
the Arab oil embargoes in the mid-1970s which saw an almost 300% increase in the 
price of crude oil. Additionally, population-based epidemiological studies have 
shown that long-term exposure to high levels of air pollutants can cause a range of 
adverse effects including exacerbation of asthma, interference with lung function, 
increase in respiratory and cardiovascular complications and increased risk of 
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mortality (COMEAP 1998; COMEAP 2001; WHO 2006). A recent report by Public 
Health England estimated the fraction of mortality attributable to current levels of 
anthropogenic particulate matter air pollution from around 2.5% in the rural areas 
of Scotland to over 8% in some of the most polluted boroughs of London (Gowers 
et al. 2014). Studies also suggest that atmospheric fine particulate matter of 
aerodynamic diameters less than 10 µm (PM10) and 2.5 µm (PM2.5) are associated 
with the incidence of lung cancer (Pope et al. 2002; Raaschou-Nielsen et al. 2013). 
In 2013, an assessment conducted by the European Study of Cohorts for Air 
Pollution Effects (ESCAPE) involving nine European countries showed that lung 
cancer rate rose by 22% for every increase of 10 µg/m3 of PM10, while for the 
smaller PM2.5 the increase was 36% per 10 µg/m3, as they can penetrate deeper 
into the lungs (Raaschou-Nielsen et al. 2013). Furthermore, the concentration of 
atmospheric CO2, which is a greenhouse gas and a by-product of fossil fuel 
combustion, has risen steeply recent times; atmospheric CO2 levels have risen by 
36% in the last 250 years, with half of that rise occurring only in the last three 
decades (Somerville et al. 2007). According to a report by the UK Department of 
Climate and Energy Change, published in 2015, CO2 accounted for 82% of the total 
UK greenhouse gas emissions in 2013 (DECC 2015). This has resulted in the 
increased accumulation of the CO2 in the atmosphere resulting in an alarming rise 
in global warming. 
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Therefore, concerns over hazardous health effects of fossil fuel by-products, poor air 
quality and greenhouse gas emissions have resulted in the imposition of stringent 
legal limits around the world on pollutant emissions from internal combustion 
engines. This legislation, addressing environmental concerns, is designed to reduce 
the exhaust emissions of toxic pollutants. As an example, compression ignition 
engines have become increasingly popular due to their higher thermal efficiencies 
and relatively stable combustion characteristics; however, at the same time, they 
suffer from drawbacks of undesirably high emissions of nitrogen oxides (NOx) and 
particulate matter (PM) (Tsolakis & Hernandez 2005). As a result, the current 
European emission regulations (Euro 6) impose substantial reductions in the 
permitted levels of NOx and PM exhaust emissions from diesel vehicles, as compared 
to previous emission standards (Figure 1.1). Furthermore, the commitment to 
increase the amount of renewable fuels used for transportation to 10% by 2020 
(European Parliament 2009) has pressed the need to find suitable long-term 
replacements for conventional fossil fuels, and has raised interest in the research 
and development of sustainable and cleaner burning fuels for internal combustion 
engines. 
Hydrogen (H2 internal 
combustion engines as it does not produce any carbon emissions (such as CO, CO2 
and soot) from combustion.  This makes H2 an excellent candidate as a renewable 
fuel resource in terms of helping to meet the strict emission controls and potentially 
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reduce the demand for conventional fossil fuels. However, the viability of H2 as a 
fuel is critically dependent on a number of other factors including its production, 
storage, portability, transport and purity. Karim (2003) and Klell et al. (2012) have 
discussed all these factors in detail in his review on the limitations associated with 
the widespread application of H2 as a fuel resource. Since H2 does not occur in its 
free state naturally, it has to be produced from various sources which requires both 
energy and financial resources. H2 of sufficiently high purity can be produced 
through the electrolysis of water, and if the electric energy used for this process is 
generated from thermal power stations which burn fossil fuels, the overall efficiency 
of H2 production becomes lower than 35%. The power station also produces CO2 
when burning fossil fuels, and therefore, such use of H2, for example in cities, merely 
displaces the CO2 emissions from cities to power stations. The storage and 
portability of adequate quantities of H2 for practical applications presents another 
(a) (b) 
Figure 1.1: Progressive reduction in the pollutant emission limits from diesel engine exhausts 
based on the European emission standards 
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barrier yet to be overcome. H2 can be stored as a compressed gas in cylinders at 
extremely high pressures, however this would add to the total weight and bulkiness 
of the fuel supply system. In addition, the cost of compressing H2 to such high 
pressures could potentially make the entire process economically unfeasible. Other 
mechanisms of transporting H2 include using various metal hydrides which allow 
the controlled release of H2, trapping H2 within special alloys of certain metals 
(palladium-copper) or carrying it as a cryogenic liquid; all these technologies are 
still at various phases of development and could potentially increase the availability 
of H2 as a fuel in internal combustion engines in the near future (Karim 2003). 
Hydrogen fuel cell vehicles have been gaining widespread attention in recent times 
due to recent advances in fuel cell technology combined with their potential to 
reduce our dependence on fossil fuels and substantially decrease pollutant emissions 
(Zamel & Li 2006; Schafer et al. 2006). Studies comparing the energy use and 
exhaust pollutant emissions of IC engine vehicles and hydrogen fuel cell vehicles 
over their entire life-cycle show lower energy consumption and reduced pollutant 
emissions in the case of fuel cell vehicles (Zamel & Li 2006). However a lot of issues 
have to be addressed before fuel cell vehicles can achieve significant penetration 
into the existing vehicle market which include reduction in initial cost, political 
motivation, infrastructure for the supply of hydrogen of sufficient purity, 
technological limitations, etc. (Weiss et al. 2000; Kreith & West 2004). Therefore, 
a short- and long-term strategy for reducing fossil fuel dependence and emissions 
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should include both the improvement of IC engines and the simultaneous research 
and development of hydrogen fuel cells (Schafer et al. 2006). 
The key to exploring novel strategies for improved efficiency and reduced pollutant 
emissions lies in comprehensively understanding the processes taking place in the 
engine combustion chamber. The measurement of exhaust emissions provides 
important information about the combustion characteristics of the fuel being 
combusted, but additional knowledge of the in-cylinder species being formed and 
their reaction mechanisms has also become essential for the development of future 
combustion systems. 
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 Aims and objectives 
The overarching aim of the project was to gain a comprehensive understanding of 
the combustion and emission characteristics of various sustainable gaseous fuels in 
a compression ignition engine, with a particular focus on the variations in in-
cylinder gas composition as the combustion process progressed. To that end, the 
specific objectives of the project may be described as follows: 
 The development  and commissioning of a novel in-cylinder gas sampling system, 
consisting of a timed, high-speed gas sampling valve and a heated dilution 
tunnel; and the deployment of the system in a single cylinder research engine. 
 The development of a control and monitoring system that allowed gas samples 
to be extracted from the engine cylinder during combustion, at selected discrete 
sampling windows, at any desired crank angle in the engine cycle. 
 An experimental investigation of H2-diesel fuel co-combustion in (a) a naturally 
aspirated diesel engine and (b) with the diesel engine intake air boosted and 
simulated EGR applied; for these tests the H2 supply to the engine was varied 
from low levels to predominantly H2 combustion. 
 The study of the synergy between methane and hydrogen by supplying CH4-H2 
blends to the engine and assessing heat release rates, ignition delay periods, 
exhaust pollutant emissions and the temporal evolution of in-cylinder species. 
Chapter 1                                   1.3 Structure of the thesis 
     
27 
  
 The effect of combusting hydrogen enriched biogas in a diesel engine to 
determine whether the absorption of thermal energy by the inert carbon dioxide 
(CO2) in the biogas could be countered by the addition of H2 to the biogas.   
 Structure of the thesis 
The thesis is divided into nine chapters, which may be summarised as follows: 
Chapter 2 is a review of the technical literature pertaining to the various subjects 
investigated in this thesis. The initial sections of the review provide fundamental 
details of the compression-ignition combustion process and the reaction mechanisms 
involved in the formation processes of the regulated diesel engine pollutants. The 
later sections examine past research on using various gaseous fuels in diesel engines 
and explore published work on in-cylinder gas sampling techniques.  
Chapter 3 provides a description of the various experimental apparatus and systems 
used during this project. These comprise of the single cylinder research diesel engine 
and its fuel injection system, the air super charging system, the intake gas delivery 
system, the exhaust gas analysing systems, the instrumentation and data 
acquisition systems and, importantly, the in-cylinder gas sampling and analysis 
system developed during the project. 
Chapter 4 describes the methods of mathematical analysis carried out on the 
experimental data in order to extract, from the recorded data, further information 
regarding in-cylinder combustion behaviour.  
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Chapter 5 presents an experimental investigation of hydrogen-diesel fuel co-
combustion carried out on the diesel engine when running in naturally aspirated 
mode. 
Chapter 6 describes the experiments conducted using CH4-H2 mixtures of various 
proportions, with two different pilot ignition diesel fuel flow rates.  
Chapter 7 describes the experimental study carried out using a variety of simulated 
biogas and hydrogen-enriched biogas mixtures, with two different pilot ignition 
diesel fuel flow rates. 
Chapters 5, 6 and 7 also include a substantial amount of results acquired with the 
in-cylinder gas sampling system which allowed greater insights to be obtained into 
the temporal and spatial development of the combustion process. 
Chapter 8 describes a study of H2-diesel fuel co-combustion with the diesel engine 
intake air boosted and simulated EGR applied. 
Chapter 9 provides a summary of the conducted research work whilst outlining the 
main conclusions. Additionally, the novel aspects of this research, the academic 
publications produced from this work and some recommendations for future work 
are also presented. 
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 Literature Review 
This chapter presents a survey of the technical literature pertaining to the various 
subjects investigated in this thesis. The initial sections of this chapter describe the 
compression-ignition combustion process and the reaction mechanisms involved in 
the formation processes of the regulated diesel engine pollutants. The later sections 
examine past research on burning various gaseous fuels in compression-ignition 
engines and provide a review of the work carried out by past researchers using in-
cylinder gas sampling techniques. 
 Fundamentals of compression-ignition combustion 
The detailed understanding of the combustion processes in a compression-ignition 
engine is of paramount importance for the development of comprehensive 
qualitative and quantitative relationships between fuel spray behaviour, flame 
structure and fuel burning rate, and pollutants formation. In the 1970s, attempts 
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were made by several investigators (Chiu et al. 1976; Faeth 1977) to develop models 
for diesel spray mixing and to describe the nature of combustion processes in diesel 
engines. Chiu et al. (1976) investigated transient fuel sprays in a high pressure, 
high temperature chamber and proposed a diesel spray model consisting of the fuel 
rich diesel core surrounded by diesel fuel-air mixtures of progressively leaner 
equivalence ratios. The non-uniformity in stoichiometry in the outer spray region 
exists due to the different degrees of entrainment of air into the spray. Faeth (1977) 
looked into the steady state aspect of compression-ignition combustion and 
described the spray structure as a diesel fuel rich central core, surrounded by a 
layer of diesel fuel and entrained air mixture, where combustion occurred upon the 
mixture reaching an appropriate stoichiometry. The lack of advancement in 
computational capabilities and optical diagnostic technologies prevented a detailed 
correlation of the spray and flame structure with combustion stoichiometry, flame 
temperatures and cylinder wall interactions. In recent years, the understanding of 
in-cylinder processes associated with diesel spray combustion has been greatly 
improved due to conceptual models of diesel combustion, such as the one proposed 
by Dec (1997), who utilised laser-imaging diagnostics to provide a temporal 
description of diesel fuel consumption and define zones of varying  fuel-air mixture 
stoichiometry in the flame structure, as well as detail the location of various burning 
processes that occur within these zones (Flynn et al. 1999). The events occurring 
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during diesel combustion, as proposed by this conceptual model (Dec 1997), have 
been summarised in Figure 2.1 and are discussed in detail in the following 
paragraphs. 
Diesel combustion commences with the injection of diesel fuel at a high pressure 
(500 -1000 bar), through a narrow injector orifice into the cylinder of an engine 
which contains compressed intake air at a temperature higher than the ignition 
temperature of the fuel. As diesel fuel is injected into the cylinder, it entrains the 
surrounding hot air and undergoes atomisation and droplet formation. The fuel 
droplets encounter aerodynamic resistance, slow down, gain heat from the entrained 
air and evaporate in the process. High-speed imaging of the fuel injection process 
showed that the fuel jet length is limited due to this vaporisation process. The fuel 
vapour gets pushed to the periphery of the spray by the later-injected fuel which 
forms a narrow core densely filled with liquid fuel droplets (Heywood 1988). 
Rayleigh scatter images showed (Figure 2.1, number 2) that the layer downstream 
of this core has a well-defined boundary and consists of a uniform fuel rich diesel 
fuel-air mixture with an equivalence ratio of between two to four, and that there is 
only a very narrow fringe of stoichiometric mixture at this edge. 
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The fuel vapour gets blown around by the swirling motion of the air, and the 
turbulent environment inside the chamber promotes the mixing of fuel vapour with 
the intake charge mainly in the regions between the individual sprays. The mixing 
process of fuel vapour with air and the energy transferred to the fuel from the hot 
air initiates the chemical breakdown of the fuel molecules; the kinetic reaction 
mechanisms between fuel and air molecules in the entrained air govern the duration 
of ignition delay. Ignition delay is defined here as the duration in CAD between the 
start of diesel fuel injection (SOI) and the start of combustion (SOC). SOI is taken 
to be the time when the actuation signal is sent to the injector, whereas the SOC 
is defined as the first incidence of detectable heat release following autoignition of 
the diesel fuel (Figure 2.2). Autoignition first occurs around fuel vapour-air pockets 
Figure 2.1: Diesel conceptual model describing fuel mixing and combustion, up to the end of 
injection (Dec 1997; Musculus et al. 2012) 
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of the appropriate stoichiometry and temperature, which have had time to mix 
during the ignition delay period; therefore, this phase is generally referred to as the 
premixed combustion phase (Heywood 1988). The rapid chemical energy release, 
following ignition, is accompanied by a significant rise in the combustion chamber 
temperature, resulting in high in-cylinder gas pressures, characteristic of the high 
peak heat release rates of the premixed combustion phase (Figure 2.2). Dec (1997) 
employed the use of natural flame chemiluminescence to detect the beginning of 
heat release, and reported that chemiluminescence is first observed in the fuel 
vapour regions near the injector tip, and it progressively increases in intensity 
downstream of the injector tip, with the highest levels of chemiluminescence 
detected in the solely vapour zone in the leading portion of the jet (Figure 2.1-
number 3). Furthermore, chemiluminescence was detected at multiple points 
throughout the leading edge of the fuel-air mixture, providing evidence that diesel 
Figure 2.2: Typical heat release rate (J/deg) curve of a DI 
compression-ignition engine showing the different phases of 
combustion (SOI-start of fuel injection, EOI-end of fuel injection) 
(Heywood 1988) 
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fuel ignition occurs at numerous multiple locations spontaneously where fuel and 
air have mixed to within flammability limits. 
During the initial stages of premixed combustion, as the heat release rate rises 
steeply, fuel molecules break down into smaller chain hydrocarbons and 
intermediate radicals, some of which subsequently polymerise to form polyaromatic 
hydrocarbons (PAH). These PAHs are precursors to soot, and were detected by 
Dec (1997) using planar laser induced fluorescence (PLIF) (Figure 2.1-number 4). 
The conceptual model by Dec (1997) of diesel combustion describes the premixed 
fuel vapour-air pockets having an equivalence ratio between one to one-and-a-half. 
In-cylinder gas sampling studies indicating high levels of CO within the flame 
enveloped spray (Heywood 1988) provide further evidence that the premixed burn 
phase comprises mainly of the combustion of a fuel rich mixture. As premixed 
burning proceeds, small soot particles begin to appear in the fuel rich regions, as 
evidenced by laser induced incandescence images obtained by Dec (1997) (Figure 
2.1-number 5). Subsequent detection of larger soot particles, using Rayleigh light 
scattering (Dec 1997) at the periphery of the premixed combustion zone, suggests 
that soot particles undergo growth as they move towards the edge of the rich 
premixed flame. 
As combustion proceeds during the premixed burn phase, a thin diffusion flame 
develops along the periphery of the premixed burn region now. As the premixed 
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phase is completed, a fully developed diffusion flame encompasses the entire 
downstream region of the spray cone and extends upstream along the jet as far as 
the flame lift off point. This is referred to as the diffusion burn, or mixing rate 
controlled phase (Figure 2.2), and the heat release during this phase is limited by 
the rate at which the fuel and air sufficiently mix to combustible levels. Therefore, 
this phase of combustion is characterised by lower heat release rates and occurs 
over a longer period of time as compared to the premixed combustion phase. The 
existence of a diffusion flame was indicated by the presence of OH radicals observed 
by Dec (1997) using planar laser induced fluorescence (PLIF) (Figure 2.1-number 
6). OH radicals occur in regions where the fuel-air mixture is close to stoichiometric 
(Turns 1996). No OH radicals were detected during the initial premixed burn phase, 
when the mixture stoichiometry was between two and four. Following peak heat 
release, OH radicals were first observed in small pockets along the contours of the 
premixed burn region. These radicals were subsequently seen encompassing the 
flame front and extending up to just downstream of the injector tip. 
PLIF measurements done for the detection of nitrogen oxide (NO) by Dec & 
Canaan (1998) provided further evidence of the presence of a diffusion flame (Figure 
2.1-number 7). NO formation is normally favoured in a high temperature 
environment, which can be found in a diffusion flame region due to the fuel and air 
mixture equivalence ratio being near stoichiometric (Heywood 1988). Work done 
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by Flynn et al. (1999), using planar laser induced Rayleigh scattering (PLIR), 
demonstrates the stoichiometry of the premixed burn region to be fuel rich, and 
hence not at sufficient temperatures to initiate significant NO formation. Dec & 
Canaan (1998) reported that NO was not present in the initial fuel rich premixed 
burn region, but started appearing at the periphery of the spray jet, following the 
formation of a diffusion flame. 
Combustion is completed during the late diffusion stage (Figure 2.2) which is the 
period following the end of fuel injection (EOI) and the end of the main diffusion 
phase, during which the remaining fuel evaporates and burns along with soot 
particles and products of fuel rich combustion (Heywood 1988). 
 Emissions formation in compression-ignition 
combustion 
The discussion in the previous section implies a critical relationship between the 
diesel fuel combustion process and the accompanying formation of pollutant 
emissions. The following sections describe the production of both gaseous and 
particulate emissions formed during diesel combustion. 
 Oxides of nitrogen (NOx) 
The principal reaction mechanisms that lead to the production of oxides of nitrogen 
have been detailed in the following paragraphs. 
The formation of nitrogen oxide (NO) via the oxidation of atmospheric nitrogen 
(N2) with the oxygen (O2) in the air was first described by Zeldovich et al. (1947). 
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Bowman (1973) built upon this work and defined the reaction mechanism popularly 
 
 𝑂 + 𝑁2 ↔ 𝑁𝑂 + 𝑁 (2.1) 
 𝑁 + 𝑂2 ↔ 𝑁𝑂 + 𝑂 (2.2) 
Lavoie et al. (Lavoie et al. 1970) studied NO formation using spectroscopy and 
suggested that the  following reaction between atmospheric nitrogen and hydroxyl 
(OH) radicals contributed significantly to the Zeldovich mechanism of NO 
formation especially for near stoichiometric and rich mixtures.  
 𝑁 + 𝑂𝐻 ↔ 𝑁𝑂 + 𝐻  (2.3) 
The three reactions collectively form the extended Zeldovich mechanism as defined 
by Miller & Bowman (1989), who carried out extensive work to measure the kinetic 
rate constants that determine the rate of NO formation via this mechanism. The 
rate of initial NO formation may therefore be expressed as follows, 
 
 
𝑑[𝑁𝑂]
𝑑𝑡
=
6 × 1016
𝑇
1
2⁄
𝑒𝑥𝑝 (
−69,090
𝑇
) [𝑂2]𝑒
1
2⁄  [𝑁2]𝑒 (2.4) 
where the units of the above equation are mol/cm3.s. 
The reactions of the extended Zeldovich mechanism are highly thermally sensitive 
and take place at temperatures of more than 1800 K, with conditions of high 
temperatures and high O2 concentrations resulting in high NO formation rates, as 
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evidenced in Equation 2.4 (Bowman 1975). Therefore, the formation of NO during 
diesel fuel combustion tends to take place in the post flame gases to a large extent, 
as the residence time of the high pressure combustion gases at the flame front is 
insufficient for NO reactions to undergo completion. Additionally, the gases 
produced during early combustion reach significantly higher temperatures during 
the later stages of combustion, thereby enhancing NO production (Heywood 1988). 
Thermal NO formation rates tend to peak at near stoichiometric fuel-air mixtures, 
predominantly due to high gas temperatures present under such conditions 
(Heywood 1988; Turns 1996). 
The rate of NO formation is of paramount importance in diesel combustion as it 
determines the final concentration of NO in the engine exhaust gas. Since the fuel 
oxidation reactions, as well as changes in the combustion chamber conditions, 
proceed significantly faster than the overall NO formation rate, the concentration 
of NO within the chamber is largely controlled by the kinetics of the extended 
Zeldovich reaction mechanism, rather than by equilibrium NOx chemistry. 
Additionally, due to the relatively slow rate of decomposition of NO, as compared 
to the rate of cooling of post combustion gases during the expansion stroke, NO is 
not allowed to return to its equilibrium concentration corresponding to the in-
significant decomposition of NO back to N2 and O2 can occur. 
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hydrocarbon radicals with molecular N2 is another pathway for the production of 
NO. While most investigations have been able to explain NO concentrations 
entirely by the thermal (Zeldovich) mechanism, some studies reported higher NO 
levels than expected due to the thermal mechanism alone, especially at fuel rich 
conditions (Bowman 1975). The most significant reason for this discrepancy was 
Fenimore (1971), 
who compared the expected NO concentration formed via the thermal mechanism 
with results of NO levels in the adiabatic and non-adiabatic flames of methane and 
ethylene. Through this study Fenimore (1971) observed that, while post combustion 
NO formation was predominantly via the thermal mechanism, there was some NO 
formation during the fuel rich combustion stage. He proposed a reaction mechanism 
involving the breakdown of N2 and its reaction with hydrocarbon radicals, as the 
alternative thermal mechanism (which requires high O2 concentrations to initiate) 
appeared implausible in the fuel rich zone. The prompt mechanism is significantly 
faster than the thermal mechanism, and becomes particularly important during the 
fuel rich combustion stage (φH2 > 0.8) when there is a high concentration of short-
chain hydrocarbon radicals (Miller & Bowman 1989). The following two reactions 
are the most likely path to the degradation of molecular N2 and the formation of 
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cyano compounds, which subsequently react with O, H and OH radicals to from 
NO (Fenimore 1971; Miller & Bowman 1989; Turns 1996), 
 𝐶𝐻 + 𝑁2 ↔ 𝐻𝐶𝑁 + 𝑁 (2.5) 
 𝐶 + 𝑁2 ↔ 𝐶 + 𝑁 (2.6) 
Fuel bound nitrogen can also be responsible for the formation of NO during diesel 
combustion. Miller & Bowman (1989) report that the addition of small amounts of 
nitrogen to fuel can lead to a significant increase in exhaust NO levels, and discuss 
in detail the mechanism for this reaction, which proceeds via intermediate species 
such NH3, NH2, HCN, etc. The reaction rates for this mechanism occur very fast, 
are comparable to fuel breakdown and oxidation rates and are entirely dependent 
on local combustion conditions (Fenimore 1972). 
The decomposition of nitrogen dioxide (NO2) into nitrogen oxide (NO) may also 
contribute towards the final concentration of NO in the exhaust gas. Bowman (1975) 
reported the rate of conversion of NO2 to NO to be five times as quick as the rate 
of NO formation, and proposed the following reaction pathways for the formation 
of NO2 and its subsequent decomposition into NO in the flame front during diesel 
combustion, 
 𝑁𝑂 + 𝐻𝑂2 ↔ 𝑁𝑂2 + 𝑂𝐻 (2.7) 
 𝑁𝑂2 + 𝑂 ↔ 𝑁𝑂 + 𝑂2 (2.8) 
Chapter 2                                  2.2 Emissions formation in 
compression-ignition combustion 
     
41 
  
Based on chemical equilibrium conditions in post combustion gases, Heywood (1988) 
reported that the ratio of the concentrations of NO2 to NO should be negligible. 
However, studies have shown the NO2 concentration in diesel engine exhaust gas 
to be between 10 to 30 % of the total concentration of the oxides of nitrogen in the 
exhaust gas (Hilliard & Wheeler 1979). It was suggested that this was due to the 
quenching of the post combustion gases by the bulk cylinder gases during the 
2 decomposition reaction 
mechanism. Evidence of this was provided by Hilliard & Wheeler (1979) who 
reported higher exhaust NO2 levels at combustion conditions which were 
particularly conducive to quenching of the hot post combustion gases (due to the 
colder excess intake charge). The collective concentrations of NO and NO2 are 
generally referred to as oxides of nitrogen (NOx). 
Extensive work has been carried out to understand the effect of heat released during 
the premixed burn phase and mixing-controlled diffusion phase of diesel combustion 
on the formation rates of NOx. The heat released during the premixed phase of 
combustion is highly dependent on the ignition delay of the fuel, as it determines 
the time allowed for the fuel and air to mix and the volume of sufficiently mixed 
fuel-air mixture at the start of combustion. It has been observed by several 
investigators that an increase in the heat released during premixed burn phase of 
diesel combustion leads to higher NOx concentrations in the exhaust gas due to 
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higher peak in-cylinder gas temperatures reached (Heywood 1988; Turns 1996; 
Ladommatos, Parsi, et al. 1996). This is because heat release occurs at a 
significantly more rapid rate during the premixed combustion phase as compared 
to the mixing-controlled combustion phase (Figure 2.2). This leads to a relatively 
short combustion event, occurring very close to the top-dead-centre (TDC) position, 
where the volume of the combustion chamber and energy losses to the chamber 
walls are at a minimum. Verbiezen et al. (2007) reported an increase in average in-
cylinder temperature and an accompanying rise in exhaust and in-cylinder NOx 
concentrations, as the diesel fuel injection timing was advanced.  Ladommatos et 
al. (1996) reported a good correlation between the peak global in-cylinder 
temperature reached during the engine cycle and the relative fraction of fuel burned 
during the premixed combustion phase. Higher gas temperatures result in higher 
NOx formation rates via the extended Zeldovich mechanism as discussed earlier in 
this section. The higher temperatures occurring during the premixed burn phase 
not only affect temperatures during the later stages of premixed combustion, but 
also cause an increase in gas temperatures during the mixing-controlled phase, in 
which a majority of NOx is believed to be formed. Also, the occurrence of peak in-
cylinder gas temperatures earlier during the engine cycle increases the duration of 
high temperature environment which is favourable to NOx formation. Szybist et al. 
(2007) reported the time of peak global in-cylinder temperature to be a major factor 
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in determining NOx formation rates, as peak temperatures occurring later in the 
engine cycle reduce the time available for NOx production before temperatures fall 
below the levels required for the NOx reaction to proceed (Heywood 1988). 
Another factor which can influence the formation of NOx in diesel engines is exhaust 
gas recirculation (EGR) which has been reported to be very effective in reducing 
exhaust NOx levels (Ladommatos, Balian, et al. 1996; Ladommatos et al. 2000). An 
extensive study was carried out by Ladommatos et al. (2000) to decouple the 
various effects (dilution, thermal, chemical, etc.) which EGR has on NOx formation 
rates and reaction mechanisms during diesel combustion. The study concluded that 
the thermal effect of EGR was dominant in reducing NOx by decreasing adiabatic 
flame temperatures. The reduction in temperatures was due to decreasing the 
amount of O2 in the intake charge, thereby forcing the fuel to interact with a larger 
amount of intake charge (to find O2 to react with) and undergo higher heat losses 
in the process. This lead to a reduction in post-combustion gas temperatures and 
hence a decrease in NO formation rates via the thermal (Zeldovich) mechanism. 
Other consequences of EGR such as the change in the heat capacity of the intake 
charge (brought about by the change in composition of the intake charge) or the 
chemical effect of the additional CO2 or water vapour on the NOx reaction 
mechanism, were reported to have a secondary role in reducing NOx formation rates. 
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 Carbon monoxide 
The formation of CO occurs due to the incomplete fuel combustion, that is, 
incomplete oxidation of fuel bound carbon, typically due to fuel-rich combustion 
and the unavailability of sufficient O2. Bowman (1975) compared in-cylinder CO 
concentrations with those in the exhaust at various engine speed/load conditions, 
and found the in-cylinder concentrations to be higher, from which he concluded 
that the rate of CO formation and oxidation is kinetically controlled. Bowman 
(1975) suggested that CO formation begins during the initial stages of fuel oxidation. 
Further oxidation of CO to CO2 occurs primarily by OH radicals; however, the rate 
of this conversion is lower than the rate of CO formation. The oxidation of CO to 
CO2 by O2 radicals is considered unlikely due to the extremely low rates of reaction 
Bowman (1975). 
Based on literature, the formation of CO can occur through three principal 
mechanisms (Turns 1996). Firstly, CO may be formed during combustion of rich 
fuel-air mixtures, where lack of O2 availability prevents complete oxidation of 
carbon atoms to CO2. In diesel engines this may occur in the local diesel fuel rich 
pockets, which fail to mix adequately with air and undergo incomplete combustion. 
Secondly, CO formation can occur due to dissociation of CO2 at high temperatures. 
The CO formed by this process usually oxidises to CO2 if the mixture cools at a 
sufficiently slow rate and time is allowed for chemical equilibrium conditions to be 
established. However, the rapid mixing of combustion gases with the unreacted in-
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cylinder charge and the relatively quick decline in the temperature of the 
combustion gas mixture during the expansion stroke can quench the conversion of 
CO to CO2. Thirdly, the CO may be formed as an intermediate during the fuel 
oxidation process, which is quenched due to turbulent mixing of the combustion 
gases with the cooler in-cylinder gases, resulting in a rapid decrease in in-cylinder 
gas temperature. Further oxidation of the intermediate CO would therefore be 
 
Despite these three mechanisms contributing to CO formation, the CO 
concentration in diesel exhaust gas is considered to be low as compared to other 
pollutant species, and hence is not deemed to be major problem (Heywood 1988). 
 Unburned hydrocarbons 
Unburned total hydrocarbon (THC) emissions from diesel engines depend greatly 
on engine operating conditions, and different hydrocarbon (HC) formation 
mechanisms become important at different engine modes. Heywood (1988) outlined 
two primary routes by which hydrocarbon fuel would avoid the normal combustion 
process, either completely or partially, and persist to the exhaust: overlean fuel-air 
mixtures and undermixed considerably rich fuel-air mixtures. Overleaning occurs 
close to the spray boundary where the fuel injected at the start of injection mixes 
with the air beyond the lean limit of combustion. The fuel-air mixture becomes too 
lean to either auto-ignite or to sustain a propagating flame front. This fuel-air 
mixture can only be oxidised by the relatively slow thermal-oxidation reactions 
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which are unable to complete (before the expansion stroke begins and in-cylinder 
gas temperatures plummet), resulting in unburned fuel, fuel decomposition products 
and partially oxidised fuel products escaping the chamber. Undermixing occurs 
either if fuel enters the combustion chamber at low velocity and often late in the 
combustion process, for example from the injector nozzle sac, or excess fuel enters 
the chamber during transients when the engine undergoes an acceleration process. 
Similar to overleaning, fuel that has not mixed completely with air (undermixed) 
will not be able to auto-ignite or support a fast reaction front, and will therefore 
not undergo complete oxidation. It has been determined through experimentation 
that, at light engine load conditions, undermixing produces considerably less 
unburned HC as compared to overleaning (Yu & Shahed 1981). A third source of 
unburned HC, as identified by Heywood (1988), can be from flame quenching at 
the cylinder walls. Combustion chamber wall temperatures and the degree of spray 
impingement on the chamber walls significantly affect the degree of HC emissions 
due to quenching. Experiments have shown a 30% reduction in unburned HC 
emissions when coolant and lubricating oil temperatures were increased from 40°C 
to 90°C (Heywood 1988). 
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 Particulates 
Particulate refers to the combination of soot and other solid or liquid phase 
materials that might be absorbed onto soot, such as unburned hydrocarbons, 
lubricating oil, bound water and fuel derived sulphates (Lee et al. 1998). Soot is 
considered to be the insoluble part of particulates, and has been defined by Tree & 
Svensson (2007) as a solid substance consisting of approximately eight parts carbon 
and one part hydrogen. Over the years, the fundamentals of soot formation and 
oxidation, and the mechanisms of various processes involved, have been described 
in detail by several investigators (Palmer & Cullis 1965; Smith 1981; Haynes & 
Wagner 1981; Glassman 1989). More recently, Tree & Svensson (2007) 
conceptualised the five key processes that lead to the formation of soot particles 
from either liquid or vapour phase hydrocarbons: pyrolysis, nucleation, coalescence, 
surface growth and agglomeration. These processes are shown in a sequential 
schematic in Figure 2.3 and are described in detail in the following paragraphs. 
Soot formation begins with the process of pyrolysis, an endothermic reaction 
whereby the hydrocarbon fuel breaks down in the presence of high temperatures, 
to produce species including unsaturated hydrocarbons, polyacetylenes, and 
Figure 2.3: Schematic showing the sequential pathway of soot formation from gas/liquid phase 
to agglomerated solid particles (Tree & Svensson 2007) 
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eventually, mono-aromatic and polycyclic aromatic hydrocarbons (PAH). Reactive 
radicals such as hydrogen are important in accelerating the pyrolytic process. This 
is followed by nucleation of these species, leading to the formation of initial solid 
particles from gas phase hydrocarbons, by the addition of small aliphatic 
hydrocarbon molecules to larger aromatic structures. These initial particles have 
diameters (D) ranging between 1.5 and 2 nm. The nucleation process occurs at 
temperatures ranging between 1300 and 1600 K, and in the presence of high radical 
concentrations. Surface growth follows, which involves gas phase hydrocarbons 
(mainly acetylene) attaching to the reactive sites on the nascent particles. The rate 
of surface growth reduces with increasing particle size and decreasing availability 
of reactive sites, and is also less dependent on temperature and radical 
concentration as compared to nucleation. The total particulate mass significantly 
increases during this process, while the total number of particles is approximately 
maintained. The two terminal processes of soot formation are coalescence 
(coagulation) and agglomeration; coalescence is the joining of two spherical 
particles to form a new larger spherical primary particle (of diameter 20  70 nm), 
while agglomeration is primary particles clumping together forming agglomerates 
of diameter 100 nm or greater, while maintaining their individual shape. These two 
processes result in an increase in particle size and a decrease in the total number of 
particles, while the total particulate mass is approximately maintained. A sixth 
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process that occurs simultaneously with the other five is soot oxidation, involving 
the conversion of solid carbon particles and partially pyrolysed hydrocarbons back 
to CO, CO2, H2 or H2O. The rate of soot oxidation is significant in determining 
eventual particulate emissions, and is highly dependent on temperature as well as 
oxygen availability, as will be discussed in detail in the following paragraph. 
In the past, researchers have carried out experiments to try and determine the 
impact of various physical factors on particulate emissions, and a review of these 
effects has been documented by Tree & Svensson (2007). The effects of oxygen and 
temperature on soot production are quite difficult to isolate due to their 
interdependence. An increase in flame temperature results in an increase in the 
rates of both soot formation and oxidation. However, with increasing temperature, 
the rate of soot oxidation rises more rapidly than the rate of soot formation, 
resulting in a net decrease of soot concentration in the flame. If oxygen is present, 
as in the case of premixed flames, an increase in temperature can enhance soot 
oxidation rates more than soot pyrolysis rates. On the other hand, under low oxygen 
conditions (for example, in diffusion flames) an increase in temperature tends to 
only increase soot pyrolysis rates. OH oxidation is the primary driver for soot 
oxidation under rich or stoichiometric conditions, whereas O2 oxidation dominates 
at lean conditions. Incipient soot formation has been observed to occur at above 
1650 K, while oxidation of soot particles and its precursors initiates at temperatures 
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above 1300 K (Kent & Wagner 1985). From these observations, Kent & Wagner 
(1985) implied that in order to prevent soot formation entirely either the flame 
temperatures should be kept below 1650 K, or the soot oxidation zone, located in 
the lean region of the flame, should be kept at temperatures above 1300 K to allow 
oxidation of previously formed soot particles. The effect of in-cylinder pressure and 
specific volume are not easy to define due to the wide-ranging effects that in-
cylinder pressure has on diffusivity and flame structure (Glassman & Yetter 2008a; 
Glassman & Yetter 2008b). However, it has been suggested that an increase in in-
cylinder pressure is likely to increase the rate of molecular collisions, hence 
enhancing rates of reaction. 
Advancing the fuel injection timing has been reported to result in a decrease in 
particulate emissions (Kamimoto & Kobayashi 1991). On one hand, an advance in 
fuel injection timing increases soot formation during the early stages of the 
combustion process, since much of it now occurs under higher temperatures and 
pressures. On the other hand, since the combustion process has been advanced, 
more time is now available for soot oxidation to occur at sufficiently higher 
temperatures during the late combustion and post combustion stages. Time 
availability for soot oxidation has been determined to be the primary factor between 
this trade-off, resulting in a net decrease in particulate emissions (Tree & Svensson 
2007). Exhaust gas recirculation (EGR) has also been determined to have a 
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significant effect on the particulate emissions from an engine. Comprehensive 
experiments done by Ladommatos et al. (2000) have shown that the progressive 
introduction of EGR substantially increases particulate emissions, and has been 
attributed to the displacement of intake air, and hence, the reduction in O2 
availability for the oxidation of soot and its precursors. 
Measurements of the size distribution of particles in a diesel engine exhaust have 
been carried out by researchers employing a variety of methods (Dolan & Kittelson 
1978; Khatri et al. 1978; Amann & Siegla 2008), and the diameters of particles have 
been found to vary between 5 nm to an excess of 10 µm (Kittelson 1998). From 
their observations (Kittelson 1998) proposed that the distribution of diesel exhaust 
particles is trimodal, with the three modes being: nucleation mode particles (5  50 
nm diameter), accumulation mode particles (100  300 nm diameter) and the coarse 
mode particles (2  10 µm diameter) as shown in Figure 2.4. 
Figure 2.4: Typical size distribution of particulates from diesel engine 
exhaust (Kittelson 1998) 
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It can be observed from Figure 2.4, that the majority of the particles (i.e. the 
particle number weighting) are concentrated in the nucleation mode, which only 
counts for between 1% and 20% of the total particulate mass. The bulk of the mass 
comes from the smaller number of relatively large particles of the accumulation 
mode, which make up 60  94% of the total particulate mass. Similar to the 
nucleation mode, the particles in the coarse mode make up 5  20% of the total 
particulate mass (Kittelson 1998). The nucleation mode particles consist primarily 
of condensed phase hydrocarbons, the accumulation mode particles are 
predominantly made of clusters of soot particles, while the coarse mode particles 
are understood to be agglomerates of the accumulation mode particles (Kittelson 
1998). 
Mayer et al. (1980) conducted experiments to determine the contribution of engine 
lubricating oil to the exhaust particulate mass and concluded that 1.5  25% of the 
particulate mass could be attributed to the lubricating oil, and that the percentage 
contribution increased with increasing engine speed. The author also observed that 
the contribution of the lubricating oil to the particulate matter was in the form of 
adsorbed hydrocarbons on the soot surface, rather than part of the carbonaceous 
components of particulates, suggesting that lubricating oil does not participate 
significantly in the soot particle formation process. 
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 Methods of production of hydrogen, natural gas and 
biogas 
 Hydrogen and natural gas 
Klell et al. (2012) published a review on the various production, storage and 
distribution methods of hydrogen and methane in terms of composition, safety, 
regulations and infrastructure. The following sections briefly describe the different 
ways of generating or procuring natural gas and hydrogen, summarized from the 
work of  Klell et al. (2012). 
Natural gas is typically found as a fossil fuel or produced as a component of biogas 
generated via the gasification of biogenic material. The possible sources of biogenic 
material can be waste organic residuals from industrial processes, animal 
excrements, or agricultural and municipal waste products. Various gasification 
techniques can be employed to generate either a methane (CH4) rich or a hydrogen 
(H2) rich biogas; CH4 proportions of 80% by volume can be achieved by 
fermentation, while pyrolysis can produce biogas with up to 46% H2 by volume. 
Higher H2 concentrations in the final product can be achieved by using chemical 
procedures like the pressure-swing-adsorption technique, which utilises high 
pressure to adsorb gases on materials which have a high affinity for that particular 
gas species (Lively et al. 2012).  
Steam reforming of natural gas can be used to produce H2; this is an endothermic 
reaction in which water and methane react together at 800°C to produce a synthesis 
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gas consisting mainly of H2 and CO. The volumetric proportion of H2 in this wet 
synthesis gas can be up to 50%, and higher H2 concentrations can be achieved by 
employing additional chemical procedures such as water-gas shift reaction 
(Chianese et al. 2015) and pressure-swing-adsorption technique. The water-gas shift 
reaction is the reaction between CO and water vapour to form CO2 and H2. 
Commercial steam reforming facilities are able to generate H2 at very high rates of 
up to 100,000 Nm3/h with energy conversion efficiencies ranging between 75% and 
80%. 
Water can be separated into its constituents, H2 and O2, if a sufficiently high voltage 
is applied, via a process known as electrolysis. This process happens in an 
electrochemical cell, which is supplied with water, and H2 and O2 evolve at the 
cathode and anode respectively. Large scale alkaline H2 electrolysers are capable of 
producing 30,000 Nm3/h of H2 at an energy conversion efficiency of about 70%, 
while small scale H2 production uses PEM (proton exchange membrane) electrolysis 
and can produce H2 at a rate of 0.5  10 Nm3/h with an efficiency of up to 50%. 
More recently, solar and wind power plants have started generating H2 through 
electrolysis. During periods of high energy production and low electricity demand, 
the electrical energy being produced can be used to generate H2 which can then be 
utilised to power IC engines or introduced into the natural gas grid during periods 
of peak energy demand. 
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 Biogas 
Biogas is typically produced via anaerobic digestion, which involves the multi-
staged decomposition of bioorganic waste matter by bacteria, in the absence of 
oxygen, to form gaseous by-products. These gaseous by-products consist primarily 
of CH4 and CO2, with trace amounts of other gases present. The following account 
detailing the various stages of biogas production has been summarized from a 
review by Barik & Murugan (2014). The first stage of biogas production is the 
bacterial hydrolysis of large organic polymers into smaller monomers which involves 
the breaking down chains of complex organic molecules (cellulose, lipase, protease 
and amylase) into simple sugars, amino acids and fatty acids. The process of 
acidogenesis follows, where the simple monomers are converted to volatile fatty 
acids (VFA). Additionally, hydrogen and acetate is also produced during these 
initial stages, due to the action of fermentative bacteria, which can be directly used 
by the methanogens. The volatile fatty acids, produced during the initial hydrolytic 
reactions, need to undergo further catabolism before they can be acted upon by 
methanogens. This is done by the obligate hydrogen-producing acetogenic bacteria, 
which convert the VFAs into primarily acetic acid as well as CO2, H2 and acetate. 
It is necessary to maintain a low partial pressure of H2 in the digester, as the 
metabolism of the acetogenic and hydrogen producing bacteria is severely affected 
by H2 accumulation. Weiland (2010) suggested adding hydrogen producing bacteria 
to the digester feedstock to increase biogas production. The final stage is called 
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methanogenesis or biomethanation, where methanogens (or methanogenic archea) 
make use of the intermediate products from the preceding stages, such as acetate, 
and convert them into CH4 and CO2, while other bacteria consume the hydrogen 
to produce CH4 (Ferrer et al. 2008). Trace amounts of hydrogen sulphide (H2S) are 
also produced due to action of sulphate-reducing bacteria on intermediates. 
The composition of the produced biogas depends on the feedstock material fed to 
the digester and on the digestion technique applied. As compared to natural gas, 
which has a very low CO2 content (0.67  1%), the volumetric proportion of CO2 
in biogas can vary between 25% and 50%. Biogas also has a higher content of 
impurities such as N2, H2S and NH3 as compared to natural gas. The higher 
concentrations of CO2 and impurities in biogas reduce its calorific value, 
necessitating the need to clean the biogas post-production, in order to reduce the 
concentration of contaminants in the biogas (Yang, Ge, et al. 2014). Pressurised 
water scrubbing (PWS) is the most commonly used biogas cleaning technique, in 
which pressurised biogas (900  1200 kPa) is flown counter currently to the flow of 
water. CO2 and H2S are separated from the biogas due to their higher water 
solubility relative to CH4; the subsequently dried biogas can contain > 96% CH4 
(Patterson et al. 2011).  Pressure swing adsorption (PSA) is another extensively 
used biogas cleaning method which, as described in the preceding section, relies on 
the selective adsorbent properties of a material to capture preferred gases. The 
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adsorbent materials are designed to have specific pore sizes, enabling them to 
selectively adsorb molecules smaller than the designed pore size. Zeolite, carbon 
molecular sieve and silica gel are some commonly used adsorbents for biogas 
cleaning, which are able to capture CO2, O2 and N2, thereby enriching the CH4 
content of the biogas. The amine absorption method is used to remove CO2 from 
gas streams, as amine solvents, such as alkanoamines, are able to selectively absorb 
CO2. Furthermore, since amine solvents have a much higher solubility of CO2, as 
compared to CH4, the cleaned biogas can contain 96  98% CH4 by volume. The 
membrane permeation technique works on the principle that when a gas mixture is 
pressurised, gases with higher permeability (for example, due to their small 
molecular size) can be transported through a membrane while gases with lower 
permeability are retained (Lie et al. 2007). This method is used to remove impurities 
such as CO2, O2 and H2O from biogas (Kimura & Walmet 2006), and is preferred 
due to its safety, scale-up flexibility, operational simplicity, and no requirement for 
hazardous chemicals (Yang, Ge, et al. 2014). Other less commonly used biogas 
cleaning methods include temperature swing absorption (TSA) (Clausse et al. 2004; 
Shao et al. 2012), cryogenic techniques (Patterson et al. 2011; Yang, Ge, et al. 2014) 
and biofilters (Yang, Wang, et al. 2014).  
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 Co-combustion of fuel mixtures in CI engines 
 Hydrogen-diesel fuel mixtures 
Hydrogen (H2  carbon-bearing 
products such as particulate matter, total hydrocarbons (THC), carbon monoxide 
(CO) or carbon dioxide (CO2) from combustion (Karim 2003). However, hydrogen 
has an appreciably lower cetane number than diesel fuel (Karim 2003) and is not 
ignitable merely by means of compression in modern diesel engines, and therefore 
it requires an ignition source. In the case of a diesel engine, the hydrogen can either 
be aspirated into the engine or injected directly into the cylinder, while the auto-
ignition of diesel fuel spray can act as a pilot to ignite the hydrogen (Lambe & 
Watson 1993; Lilik et al. 2010). Hydrogen requires a very low amount of energy to 
ignite but has high flame propagation rates within the engine cylinder in comparison 
to hydrocarbon fuels, even at lean mixture conditions. The high flame speeds are a 
result of the fast and thermally neutral branching chain reactions of H2 as compared 
to the relatively slower and significantly endothermic chain reactions associated 
with hydrocarbon fuel combustion (Karim 2003). Gaseous H2 does not experience 
problems associated with liquid fuels, such as vapour lock, cold wall quenching, 
inadequate vaporization and poor mixing (Akansu 2004). 
Heat release rates from H2-diesel fuel co-combustion tend to be higher than those 
for diesel fuel combustion, resulting in a shorter duration of combustion with less 
heat transfer to the surroundings, and can improve thermal efficiencies (Saravanan 
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& Nagarajan 2008b; Masood et al. 2007; Christodoulou & Megaritis 2013). However, 
Masood et al. (2007) and Christodoulou & Megaritis (2013) reported a small 
deterioration in thermal efficiency when operating the engine with a H2-diesel fuel 
mixture, at low load and low speed conditions, which they attributed to the 
incomplete burning of all the hydrogen aspirated into the engine.  
A considerable number of studies (Varde & Varde 1984; Lambe & Watson 1993; 
Saravanan & Nagarajan 2008a; Saravanan & Nagarajan 2008b; Christodoulou & 
Megaritis 2013) reported a reduction in PM emissions when H2 was used as a 
secondary fuel in a diesel engine, which they ascribed to a number of factors; firstly, 
increased oxidation of particulates due to higher in-cylinder temperatures that 
result from increased heat release rates, secondly the overall reduction in the 
carbon-hydrogen ratio of the combined H2-diesel fuel, and thirdly the formation of 
OH radicals from H2 combustion which also enhance PM oxidation. Tomita et al. 
(2001) reported a reduction in smoke to near zero levels at all diesel injection 
timings and at all equivalence ratios of hydrogen. Tsolakis & Hernandez (2005) 
used reformed exhaust gas recirculation (REGR) to introduce hydrogen rich gas to 
the engine intake air and reported a reduction in the total number and mass of PM 
emissions, but no effect was noted on the particle size distribution compared to 
standard diesel operation. Some investigators reported an increase in PM emissions 
at high engine loads (Lilik et al. 2010; Varde & Varde 1984). When H2 is aspirated 
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into the engine via the engine inlet manifold, it displaces some of the intake air and 
can reduce the power density of the engine. At high load operating conditions, 
which are accompanied by high levels of H2 substitution, the intake air becomes 
increasingly vitiated, slowing the rate of carbon oxidation reactions, which can 
result in a rise in PM emissions. 
NOx emissions have been reported to increase as stoichiometric H2-air ratios are 
approached, and reach a peak value at an equivalence ratio of 0.9 (Brunt et al. 
1998; Naber 1998). The faster burning rates of H2 relative to fossil diesel (Saravanan 
& Nagarajan 2008b) and the resulting higher in-cylinder temperatures, especially 
when operating with near-stoichiometric H2-air mixture conditions, has been 
suggested by some investigators to give rise to increased NOx exhaust emissions 
(Tsolakis & Hernandez 2005; Varde & Varde 1984). Conversely, other investigators, 
such as Lambe & Watson (1993) and Tomita et al. (2001), have reported 
considerable reductions in NOx emissions with H2-diesel fuel co-combustion, at 
certain load conditions with relatively advanced diesel fuel injection timings. 
Saravanan & Nagarajan (2008a;2008b) conducted co-combustion experiments, at 
various engine loads, during which diesel fuel was replaced with H2 while keeping 
the engine speed constant. Significant reductions in NOx emission levels were 
observed, at low engine loads, when 30% of the initial volume of diesel fuel was 
replaced with H2 in the intake air (keeping the engine speed constant), which these 
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authors attributed to lean burn combustion. An 80% reduction in NOx emissions 
was reported by Saravanan & Nagarajan (2008a;2008b), at high engine loads, with 
90% of the diesel fuel volume replaced by hydrogen. At full load engine operating 
conditions, NOx emissions were reported by Saravanan & Nagarajan (2008a;2008b) 
to marginally increase. Lilik et al. (2010) noted that the engine used by Saravanan 
& Nagarajan (2008a;2008b) produced NOx at an order of magnitude higher than 
usually emitted by modern diesel engines, and any decrease in NOx could therefore 
be a result of enhanced turbulent in-cylinder mixing. 
Masood et al. (2007) and Masood & Ishrat (2008) carried out computational H2-
diesel fuel co-combustion studies and validated the findings against experimental 
results. Both the computational and experimental NOx emission results showed an 
overall decrease in NOx with increasing H2 addition except for a marginal increase 
in NOx reported in the experimental data at high H2 substitution levels. The overall 
decrease in NOx with increasing H2 substitution was attributed to the increase in 
mole fraction of water vapour in the combustion products produced from H2 
combustion, absorbing energy released from combustion and reducing peak 
combustion temperatures.  
Lilik et al. (2010) substituted up to 15% of energy from diesel fuel by H2 aspirated 
into the engine intake air. Two engine speeds (1800 rpm and 3600 rpm) and two 
engine loads (25% and 75% of the maximum output) were investigated, and while 
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it was observed that the effect of H2 substitution on NOx emissions was minimal, a 
greater increase at low engine loads was reported compared to high engine loads 
with the addition of H2. Considering only the NO component of the total NOx 
emissions, increased H2 substitution led to decreasing levels of NO emissions 
especially at low load. However, NO2 emissions were observed to increase, when the 
ratio of H2 in the intake charge was increased, most significantly at high engine 
load. This reduction in NO/NO2 ratio was verified using numerical modelling and 
was attributed to the increased availability of the HO2 radicals with increasing H2 
addition and subsequent reaction of HO2 with NO. The numerical model also 
showed that the spatial temperature distribution in the cylinder was relatively 
unaffected by H2 combustion, and it was therefore suggested that the observed 
changes in NOx were not the result of changes in thermal NO. The authors 
attributed the small reduction in the overall NOx emissions to the slight increase in 
ignition delay causing a small shift in the combustion phasing towards the 
expansion stroke and, therefore, generally lower in-cylinder gas temperatures.  
More recently Christodoulou & Megaritis (2013) conducted H2-diesel fuel co-
combustion engine tests where up to 8% by volume of the intake air was replaced 
with hydrogen. At low load conditions, no significant changes in NOx emissions 
were reported with the introduction of H2, which was attributed to the smaller 
thermal boundary layer of the hydrogen flame and the relatively cooler engine walls 
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which enhanced heat rejection and offset the higher adiabatic flame temperature of 
hydrogen. At higher load conditions and increasing displacement of diesel fuel with 
H2, NOx emissions increased due to elevated flame temperatures. 
 Hydrogen-methane-diesel fuel mixtures 
Besides hydrogen, natural gas (NG) stands out as another potential alternative for 
the currently used petroleum-based fuels, since natural gas burns more cleanly than 
any other fossil fuel releasing relatively few by-products into the atmosphere as 
pollutants (Akansu 2004). This is because, typically, up to 99% of the total volume 
of NG is methane (CH4), with the remaining made up of constituents such as ethane, 
propane, butane, and inert gases like nitrogen, helium, carbon dioxide, hydrogen 
sulphide and sometimes water (DeLuchi et al. 1988; Weaver 1989). CH4 has a H-C 
ratio of 4:1, and therefore upon combustion releases 25% less CO2 than conventional 
fossil fuels for the same energy release in internal combustion engines. CH4 has a 
high octane number (120-130) that allows for increased compression ratios without 
risk of autoignition resulting in thermal efficiencies comparable to those of IC 
engines (Diéguez et al. 2014). 
Hydrogen and methane are complimentary fuels in many aspects, as is evident from 
their physical and chemical properties (Karim 2003; Klell et al. 2012). CH4 is a 
relatively stable molecule and has an ignition energy requirement which is 
approximately 15 times greater than that of H2. CH4 can be difficult to combust 
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completely in an engine or catalyse using exhaust after treatment systems. On the 
other hand, H2 can act as a combustion stimulant accelerating CH4 combustion. 
A major drawback of operating engines on lean mixtures of methane and air is the 
associated low flame propagation velocity which can result in incomplete 
combustion, increased cycle-to-cycle variation and occasional flame failure (Diéguez 
et al. 2014). Some improvements in the burning rate of CH4 can be brought about 
by optimizing the spark timing or increasing turbulence, which comes at a cost of 
excessive heat losses through cylinder walls, as well as increased peak cylinder gas 
temperatures and thus higher NOx emissions (Akansu et al. 2007). One approach 
to enhancing the combustion process, without adversely affecting emission levels, 
is to add a small amount of H2 to CH4. H2 has a flame speed about six times higher 
than CH4 at atmospheric conditions (42 cm/s for CH4 and 230 cm/s for H2), and 
approximately eight times higher at the high engine pressure and temperature 
operating conditions. Nagalingam et al. (1983) conducted SI engine tests using 
natural gas supplemented by H2 and concluded that while the engine power output 
was reduced due to the lower volumetric heating value of H2 (2.8 MJ/dm3 at 350 
bar, 25°C) as compared to CH4 (11.6 MJ/dm3 at 350 bar, 25°C), the considerably 
higher flame speed of H2 meant that less spark advance was required to produce 
maximum brake torque (MBT). Hence the very high flame speed of H2 allows 
shorter combustion duration leading to higher peak cylinder pressures and heat 
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release rates and smaller time interval between fuel ignition and peak heat release, 
as compared to CH4. On the other hand, the presence of CH4 in H2-CH4 mixtures 
reduces the risk of combustion anomalies such as backfire and knock, usually 
associated with H2 (Demuynck et al. 2009; Verhelst et al. 2010). CH4 has a relatively 
low flammability range (4.4  15% v/v in air at 1 bar and 25°C) which can limit 
improvements in fuel efficiency and NOx emissions that are possible at lean air/fuel 
ratios, whereas, hydrogen has a broad flammability limit of 4  76% v/v in air at 1 
bar and 25°C. The addition of H2 to CH4 can, therefore, significantly widen the 
flammability limits and allow engine operation at leaner air/fuel ratios. Hence, it 
can be seen that the use of blends of CH4 and H2 as fuel can yield beneficial 
synergetic effects, which might not be achievable if the two gaseous fuels are used 
individually. 
There is considerable literature available, spanning a couple of decades, relating to 
the use of CH4-H2 mixtures in SI engines; more recently, studies have been 
conducted using CH4-H2 mixtures in CI engines, with the diesel fuel acting as an 
ignition source (pilot ignition). The following paragraphs will briefly look at 
literature pertaining to CH4-H2 combustion in SI engines, before discussing in detail 
investigations conducted on CI engines, since they are more relevant to the study 
currently being carried out in this thesis. 
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Investigators studying the combustion and emission characteristics of CH4-H2 
mixtures in SI engines used mixtures with various proportions of CH4 and H2 (from 
H2 rich to CH4 rich mixtures), at a variety of CH4-H2/air equivalence ratios, engine 
loads and engine speeds, and arrived at the following unanimous conclusions. NOx 
emissions increased with increasing proportion of H2 in the mixture; however, NOx 
emissions were seen to decrease to extremely low levels by employing lean burn 
(possible due to the wide flammability limits of H2), EGR or exhaust after 
treatment techniques. Unburned hydrocarbons, CO2 and CO emissions decreased 
with increasing H2 content due to direct displacement of CH4 H2. 
The thermal efficiency of the engine was observed to increase only at certain 
operating conditions (30 CAD BTDC spark timing and 20% H2 in the mixture). 
The knock resistance characteristics of CH4 were not significantly affected by the 
addition of small amounts of H2. The overall brake specific fuel consumption (BSFC) 
decreased with increasing H2 proportion in the mixture. The optimum concentration 
of H2 in the CH4-H2 mixture, to achieve an increase in brake power output but still 
avoid knock, was proposed to be about 20  30% by volume of H2. However, the 
costs of CH4-H2 mixtures were considerably higher as compared to CH4 rich natural 
gas. (Nagalingam et al. 1983; Swain et al. 1993; Wallace & Cattelan 1994; Raman 
et al. 1994; Hoekstra 1995; Liu & Karim 1995; Karim et al. 1996; Larsen & Wallace 
1997; Van Blarigan & Keller 1998; Shrestha 1999; Das 2000; Bauer 2001b; Bauer 
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2001a; Akansu 2004; Akansu et al. 2007; Kahraman et al. 2009; Thurnheer et al. 
2009; Diéguez et al. 2014). 
Based on their experience with the behaviour of CH4-H2 mixtures in SI engines 
Sierens & Rosseel (2000) proposed a strategy for the effective use of CH4 and H2 in 
engines by adjusting the hydrogen proportion as function of engine load. At low 
loads, pure H2 could be used at high air-fuel ratios (λ > 2), at intermediate loads a 
methane rich CH4-H2 mixture (20:80 H2:CH4 by volume at λ > 1.5) could be used 
to keep in-cylinder gas temperatures and hence NOx emissions at low levels. 
However, exhaust after-treatment techniques would need to be employed to lower 
CO and unburned HC emissions to acceptable levels. At full load nearly pure 
methane would have to be used to achieve high brake mean effective pressures. 
The use of CH4-H2 mixtures to reduce the toxic pollutant emissions has recently 
attracted the attention of vehicle manufactures and transport operators. Tests were 
conducted at the ENEA Casaccia Research Centre by Genovese et al. (2011), 
whereby two public transit urban buses were fuelled with H2-CH4 mixtures of 
varying H2 proportions (0  25% by volume of H2), and then taken through a series 
of road tests representative of the urban and suburban drive cycles. The authors 
presented the following key findings from the experiments: an increase in engine 
efficiency due to an improvement in energy performance was observed at low levels 
of H2 addition, and an improvement of 4% in energy consumption was observed at 
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5% H2 proportion. However the authors did point out that this improvement was 
accompanied by a 1 CAD decrease in spark ignition advance, and if spark timing 
were to be optimized the change in efficiency could be different. A reduction in CO2 
emissions, beyond that expected due to simple carbon displacement was observed 
with increasing H2 proportion; this was thought to be an effect of the enhanced fuel 
efficiency, and hence decreased carbon emission products. A similar effect of a 
reduction in unburned HC was also observed with increasing H2. However, NOx 
emissions were seen to increase with increasing H2, as a result of higher flame 
temperatures of H2. 
McTaggart-Cowan et al. (2009) used a Cummins ISX series heavy-duty, single-
cylinder diesel engine, with direct injection capabilities for both diesel and gaseous 
fuels, to investigate the combustion and emission characteristics of CH4-H2 mixtures 
pilot ignited with diesel fuel. From the study it was determined that the H2 addition 
enhances the ignitability of the in-cylinder fuel mixture, resulting in shorter ignition 
delays. At low loads, the addition of H2 not only improved the rate of burning 
during the partially premixed stage, but also reduced cycle-to-cycle variability. At 
high loads, a reduction in peak heat release rates was observed due to H2 having a 
lower energy density. There was no significant influence of H2 on the duration of 
combustion at both low and high loads. It was speculated by the authors that the 
overall duration of combustion is primarily dependent on the turbulent mixing rate, 
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and is not particularly sensitive to the fuel mixture composition. The observed 
decrease in CO, unburned HC and PM emissions due to H2 addition was more, than 
would result merely from the lower carbon content of the fuel. This was attributed 
to improved combustion stability and hence, enhanced fuel oxidation rates. NOx 
emissions were observed to increase at all engine load conditions tested, which was 
of H2 on the NO formation chemistry. Similar work was done by Gatts et al. (2010) 
by adding H2 on a natural gas-diesel fuel heavy duty engine, with comparable 
observations reported. Additionally, Gatts et al. (2010) also reported that the low 
combustion efficiency of natural gas was primarily due to CH4 remaining unburned 
in the combustion chamber, which showed an improvement up on the addition of 
H2. 
Imran et al. (2014) carried out a study on a single cylinder, direct injection 
compression ignition engine, which was run separately on natural gas (NG) and 
hydrogen with the pilot liquid fuel serving as the ignition source. The study 
investigated the effects of changing pilot fuel quantity (diesel fuel and rape methyl 
ester (RME)) on various combustion and emission parameters. Dual fuel 
combustion of NG-pilot fuel exhibited an increase in ignition delay as compared to 
single fuelling combustion of pilot fuel under similar operating conditions. A 
reduction in ignition delay was observed as the quantity of pilot fuel was increased. 
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Similar reductions in ignition delay with increasing pilot fuel quantities were also 
observed with H2-pilot fuel mixtures. At higher engine speeds and dual fuel 
operation of NG-pilot fuel, the specific NOx emissions were found to be proportional 
to the quantity of pilot fuel injected. However, at lower engine speeds a pilot fuel 
quantity threshold was observed where maximum NOx emissions were measured, 
with lower NOx levels observed at any other pilot fuel setting. A similar threshold 
phenomenon against engine speed was observed in the case of unburned HC. In the 
case of H2-pilot fuel mixtures, the NOx emissions demonstrated opposing trends at 
different engine speeds. At lower speeds specific NOx emission decreased with 
increasing pilot fuel quantity, whereas, at high speeds NOx levels were observed to 
increase with increasing quantity of pilot fuel. 
Pichayapat et al. (2014) investigated the emission characteristics of hydrogen and 
compressed natural gas mixtures (HCNG) with diesel fuel pilot ignition in a EURO 
4 standard, four cylinder, direct injection diesel engine at different engine speeds 
ranging from 800 to 4000 RPM. The authors demonstrated that the use of HCNG 
mixtures is safe in a diesel engine at the tested engine operating conditions. A 
reduction in emission levels was observed with the use HCNG-diesel fuel blends as 
compared to diesel fuel only operation; a 12.97% reduction in CO emissions, a 
15.84% reduction in unburned HC emissions, a 1.16% reduction in NOx emission 
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and a 9.14% reduction in PM emissions were observed with the HCNG-diesel fuel 
mode at all the tested speeds. 
A similar study was also conducted by Zhou et al. (2014) investigating the effects 
on engine performance and pollutant emissions, of H2 only, CH4 only and CH4-H2 
mixtures co-combusting with diesel fuel in a four cylinder, 4.334 litre CI engine. 
The authors reported that the combustion efficiency of the gaseous fuels was highly 
dependent on engine load; the addition of gaseous fuels reduced peak in-cylinder 
gas pressure and peak heat release rates at low loads and them at high loads (with 
the engine torque kept constant when adding gaseous fuels). The addition of CH4 
to H2 was observed to make H2 combustion smoother, and the authors suggested 
this could improve engine operational safety and mechanical durability. An increase 
in break specific fuel consumption and a decrease in brake thermal efficiency were 
reported by the authors when either CH4 or H2 was added to the engine, especially 
at lower loads. The decrease in efficiency observed, when using H2-diesel fuel as 
compared to diesel only operation, was in contrary to other reported studies in 
literature, and the authors speculated this could be an effect of the extremely small 
quenching distance of H2 leading to a higher thermal losses from the H2 flame as 
compared to the diesel only flame. The brake thermal efficiency was observed to be 
higher for H2-CH4-diesel fuel blends as compared to CH4-diesel fuel blends, 
attributable to the higher flame speeds of H2 (relative to CH4). CO and unburned 
Chapter 2                                  2.4 Co-combustion of fuel mixtures 
in CI engines 
     
72 
  
HC emissions were observed to be higher for CH4-diesel fuel mixtures as compared 
to diesel fuel only operation. This was attributed to the partial oxidation of CH4 
and some of the CH4 not combusting in the engine and persisting to the exhaust. 
Since the CH4 was being aspirated into the engine, and hence forming a near 
homogenous mixture with the intake air, the likelihood of the diesel fuel flame being 
able to ignite almost all the intake CH4 is considered to be highly improbable. As 
expected, the replacement of either diesel fuel or CH4 by H2, lead to a reduction in 
the emissions of CO and unburned HC, due to displacement of carbon-containing 
fuel. A considerable rise is NOx emissions was reported when using CH4-diesel fuel 
or H2-diesel fuel mixtures, as compared to diesel fuel only operation. NOx emissions 
were observed to decrease as H2 was gradually replaced by CH4, due to lower 
combustion temperatures of CH4. It was suggested that a H2 rich mixture (30CH4-
70H2) improves engine performance and lowers CO and unburned HC emissions, 
whereas, a CH4 rich mixture (70CH4-30H2) is effective in limiting NOx formation 
rates and increasing combustion stability (avoiding phenomena such as 
uncontrolled pre-ignition of H2). Particulate emissions reduced when H2 was added 
to CH4-diesel fuel combustion; this observation agrees with the results of Wang et 
al. (2009), which suggest that H2 moves the CH4 oxidation path towards a lower 
carbon reaction path, and hence reduces soot formation rates. 
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 Biogas-diesel fuel mixtures 
Biogas is considered to be a carbon-neutral fuel since the carbon emitted when 
biogas undergoes combustion comes from plant matter that fixed this carbon from 
atmospheric carbon dioxide (via the natural carbon cycle) . The primary component 
of biogas is CH4 (50-80% by volume depending on the method of production of 
biogas), which is a greenhouse gas (GHG) and has a global warming heating factor 
of about 20 times higher than CO2. Burning biogas converts the CH4 to CO2, 
thereby reducing the GHG impact on the environment by about 20 times. Since 
biogas production involves extracting the CH4 out of organic waste products and 
burning it to release energy (waste products that could otherwise degrade in open 
environment), direct emissions of CH4 into the atmosphere can be avoided. The use 
of biogas as fuel has the potential to reduce the demand on conventional fossil fuels 
(Bora et al. 2014; Yang, Ge, et al. 2014). 
The use of biogas as fuel in diesel engines is particularly suitable, as biogas has a 
relatively high octane number of about 130 (due to the presence of CH4), thereby 
exhibiting greater resistance to phenomena such as knock and autoignition, and 
making it appropriate for use in engines with high compression ratios (Tricase & 
Lombardi 2009; Sahoo et al. 2009). Since biogas has an autoignition temperature 
of 1087 K (Bora et al. 2014), and the air temperature reached at the end of the 
compression stroke in a CI engine is about 600 K, a small quantity of liquid fuel is 
needed to pilot ignite the biogas in a diesel engine. Consequently, this allows 
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burning very lean or diluted biogas and air mixtures, resulting in low temperature 
combustion, and hence reduced NOx emissions. Additionally, since biogas has lower 
carbon content compared to conventional diesel fuel, the use of biogas as the 
primarily fuel, with only a small amount of pilot diesel fuel, results in a significantly 
lower carbon pollutant emissions (CO2 and particulates). Therefore biogas-diesel 
fuel co-combustion in CI engines has potential both economically and 
environmentally, providing low pollutant emission combustion while still 
maintaining diesel fuel comparable efficiencies (Yoon & Lee 2011; Bora et al. 2014). 
There have been many studies conducted in the past investigating the practical 
advantages of utilizing biogas in CI engines, as well as studying the combustion 
characteristics of biogas obtained from various feedstock materials. Bari (1996) 
studied the effect of CO2 concentration in biogas run diesel engine. An increase in 
BSFC was reported for CO2 concentrations above 20  30 % by volume in the 
biogas, as CO2 acts as an inert gas in the combustion chamber, absorbing energy 
from the combustion flame and affecting the burning velocity of the biogas-air 
mixture. However, a slight decrease in BSFC was seen below 20% CO2 
concentration, which was speculated to be due to oxygen radicals, released via 
dissociation of CO2, reducing ignition delay and enhancing carbon oxidation. 
Henham & Makkar (1998) did similar tests, making use of simulated biogas to 
represent the varying quality of biogas, in terms of CH4:CO2 ratios, available from 
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different sources. The effect of CH4 proportion in biogas and of the quantity of pilot 
fuel was studied on a two-cylinder diesel engine, over a range of engine speeds and 
loads. The results indicated the possibility of 60% substitution of diesel fuel with 
biogas without knock, however, the thermal efficiency was observed to drop as 
diesel fuel was replaced with biogas. Duc & Wattanavichien (2007) reported no 
deterioration in performance of a premixed charge biogas-diesel fuelled indirect 
injection engine at all the tested engine speeds. At low engine loads, the energy 
conversion efficiency was seen to be less compared to diesel only mode, but was 
comparable to diesel fuel conversion efficiency at high loads. Additionally, lower 
exhaust gas temperatures were reported for biogas-diesel dual fuel combustion at 
all engine loads and speeds, while high cooling water and lubricating oil 
temperatures were observed at high engine loads and high engine speeds. 
Tippayawong et al. (2007) successfully ran long duration endurance tests (about 
2000 hours) on a small direct injection diesel engine operating on biogas-diesel fuel 
mixtures, to demonstrate the feasibility of using biogas in real-world situations. 
Maizonnasse et al. (2013) suggested heating the biogas before it enters the engine 
is a potential way to increase its combustion efficiency. 
Other investigations have also examined the effect of biogas-diesel co-combustion 
on exhaust gas emissions. Bedoya et al. (2009) tested the performance of a DI diesel 
engine with simulated biogas (60% CH4 - 40% CO2), utilising a supercharger and a 
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Kenics mixer system in the intake. The authors reported that the supercharged 
mixing system allowed almost complete diesel substitution by biogas (except for a 
small quantity of pilot fuel), increased thermal efficiency and reduced CH4 and CO 
exhaust gas emissions. Yoon & Lee (2011) carried out an experimental investigation 
comparing combustion and emission characteristics of an engine operating on 
biogas-fossil diesel and biogas-biodiesel mixtures (dual fuel mode); the biodiesel was 
100% methyl ester of soybean oil. An increase in ignition delay was observed for 
the dual fuel mixtures, as compared to diesel fuel only engine operation. This was 
attributed to the relatively low charge temperatures of the biogas-air mixture and 
high specific heat capacity of the biogas; the exhaust gas temperatures for the dual 
fuel engine operation were found to be lower than single fuel modes as well for the 
same reason. Both NOx and particulate emissions were relatively low under dual 
fuel operation; the low NOx emissions were attributed to the reduced in-cylinder 
gas temperatures, whereas the reduction in soot emissions was speculated to be due 
to the lower carbon content of biogas. A significant increase in HC and CO 
emissions was observed when running the engine in dual fuel mode. The increase in 
HC was attributed to unburned biogas in the combustion chamber persisting to the 
exhaust. From his investigation on biogas-diesel fuel co-combustion, Makareviciene 
et al. (2013) proposed that additional modifications to the engine, such as the use 
of EGR and optimization of diesel injection timing, are necessary to gain further 
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benefit from biogas. He reported that an engine with these modifications, running 
on biogas (95%CH4 5%CO2) and diesel fuel mixtures, gives thermal efficiencies 
comparable to that from diesel only operation, similar smoke levels in the exhaust, 
and a reduction of 1.5 times in diesel fuel consumption and exhaust NOx emissions 
with negligible increases in HC and CO emissions. Bora et al. (2014) conducted 
experiments to determine the effects of changing the compression ratio (CR) on a 
biogas-diesel fuel mixture fuelled engine. A decrease in the minimum quantity of 
pilot diesel fuel, required to ignite the biogas, was observed with increasing CR. 
While a reduction in CO and unburned HC was observed, the NOx and CO2 exhaust 
emissions were reported to have sharply risen as the CR was increased. The authors 
suggested that since the combustion and emission characteristics of a biogas fuelled 
engine seemed to be a function of CR, higher CR engines should be explored to 
achieve the maximum advantage from biogas. Mustafi et al. (2013) carried out a 
comparative study between biogas and natural gas fuelled engines and reported a 
12% reduction in NOx and a 70% reduction in PM mass emissions for the gas-diesel 
dual fuel operation relative to diesel only combustion. Although unburned HC 
emissions increased in the case of both the gaseous fuels, the HC emissions were 
higher for biogas fuelling due to the presence of CO2. An increase in BSFC and in 
the duration of ignition delay was observed when biogas was introduced in the 
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engine; the increases in BSFC and ignition delay were found to be proportionate to 
the amount of CO2 present in the exhaust gas. 
The increase in ignition delay when running CI engines on biogas-diesel fuel 
mixtures is disadvantageous as it results in higher premixed combustion and peak 
heat rates, leading to a reduction in engine efficiency, increase in exhaust emission 
levels (such as NOx) and a possibility of causing damage to mechanical parts of the 
engine (Gunea et al. 1998; Agarwal & Assanis 1998; Stelmasiak 2002). The ignition 
delay increases due to displacement of intake air O2 by the aspirated biogas, 
resulting in lower effective temperatures during compression and a reduced quantity 
of reactive radicals available at the start of combustion (SOC).  Cacua et al. (2012) 
tried to overcome this problem by increasing the O2 concentration in the intake air 
up to 27% by volume. A reduction in ignition delay was observed at all O2 
enrichment levels due to the higher amount of O2 available for the combustion 
process. At the highest level of O2 enrichment and 40% load condition, a 28% 
increase in thermal efficiency was observed (relative to non-enriched air), attributed 
to the increased rate of oxidation reactions and high flame propagation velocities. 
Considerable decrease in the exhaust emissions of methane and CO were also 
reported for all levels of O2 enrichment. 
Much emphasis is being placed nowadays on the extraction of biodiesel from non-
edible seeds such as Pongamia pinnata (Karanja), Scheleicheraoleosa (Kusum) and 
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Madhuca indica (Mahua) (Raheman & Ghadge 2007). After oil is extracted from 
these seeds, the de-oiled seed cakes (which form about 75% of the total mass) are 
considered a waste by-product with potential to create environmental problems by 
releasing various toxic pollutant gases into the atmosphere. Barik & Murugan (2014) 
demonstrated the potential of the Pongamia pinnata de-oiled cake to produce 
biogas with approximately 73% CH4 concentration (by volume), via anaerobic 
digestion. This biogas was tested in a DI diesel engine and the combustion and 
emission characteristics of the biogas-diesel fuel mixture were compared to diesel 
fuel only operation. A 36% increase in BSFC, while a 6.2% reduction in BTE was 
reported when using biogas-diesel fuel mixtures as compared to only diesel fuel. A 
significant reduction in NO, CO2 and smoke emissions, but a considerable increase 
in CO and unburned HC was observed when diesel fuel was partly substituted by 
the biogas. The authors suggested that the use of biogas in diesel engines is desirable 
as it reduces exhaust emissions, decreases consumption of conventional diesel fuel 
and utilises energy stored in organic bio-waste. 
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 Engine in-cylinder gas sampling 
New insights about the diesel combustion process with modern combustion systems 
require knowledge of how combustion progresses within the engine cylinder. High 
pressure and temperature studies inside engine combustion chambers are 
particularly challenging due to extremely short reaction rates, with unsteady 
environment conditions posing further complications. Attempts to follow the course 
of engine in-cylinder combustion and evolution of intermediate species have been 
carried out by a number of investigators by means of both optical and physical 
sampling techniques. The application of optical diagnostic methods, despite 
possessing  the advantages of higher spatial and temporal resolution, and being of 
a non-intrusive nature (Nowak et al. 2008), are particularly difficult to apply in 
diesel engines, as robust optical access to the combustion chamber is required. 
Considerable density and composition gradients of species concentrations can occur 
across the cylinder and the wide-ranging spectrum of blackbody radiation from 
carbon soot particles can eclipse spectral radiations emitted by other in-cylinder 
species (Turns 1996). Furthermore, optically accessible engines often run at lower 
compression ratios than commercial engines and are not sufficiently suited for 
running continuous, long duration tests, not only because of possible thermal 
fatigue but also because the optical windows can get covered with combustion 
deposits and require cleaning at frequent intervals (Zhao & Ladommatos 2001). 
Physical sampling techniques, where samples are extracted after combustion, have 
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been applied to shock tubes and rapid compression machines which replicate some 
of the characteristics of combustion in an engine (Roblee 1961; Beeley et al. 1980; 
Shiga et al. 2002; Würmel et al. 2007; Thi et al. 2014; Gowdagiri et al. 2014). 
Similarly, many research and commercial engines readily allow analysis of the 
composition of the engine exhaust. Since only the end products of the combustion 
process can be sampled and analysed, these methods do not provide significant 
insight as to the composition histories of the combustion and pollutant 
intermediates. Total cylinder dumping has been used as a method of extracting 
time-resolved in-cylinder gas samples and involves the rapid emptying of the entire 
contents of the cylinder during combustion, at a selected crank angle, into a sample 
collection bag or vessel (Voiculescu & Borman 1978; Liu & Kittelson 1982; Kittelson 
et al. 1986; Kittelson et al. 1988; Pipho et al. 1992). Since the entire contents of 
the combustion chamber are extracted, this technique is not able to provide 
spatially resolved in-cylinder information (Zhao & Ladommatos 2001).  
Timed, fast in-cylinder sampling is an attractive approach that can provide 
spatially and time-resolved quantification of stable species formed in the course of 
combustion. With this approach, sampling can be timed so that the extraction of 
the gas sample from the cylinder occurs at a specific narrow crank angle window. 
In-cylinder gas sampling valves have been employed in internal combustion engines 
to improve understanding of various physical and chemical processes associated 
with combustion; such as the phenomena of knock in spark-ignition (SI) engines 
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(Lovell et al. 1927) and diesel fuel-air mixture distribution in compression-ignition 
(CI) engines (Nightingale 1975; Bennethum et al. 1975; Rhee et al. 1978). In recent 
years, advanced gas sampling techniques have been developed with the aim of 
comprehensively understanding the in-cylinder processes which lead to pollutant 
emissions such as NOx and PM, and therefore develop methods of reducing the 
formation of these emissions. Heywood et al. (1980) carried out in-cylinder gas 
sampling experiments in a single cylinder spark-ignited CFR engine in order to 
investigate the contribution of unburned hydrocarbons, from the quench layers on 
the cylinder head and upper portion of the cylinder liner, to the exhaust emissions. 
Matsui et al. (1979) developed a special gas sampling cylinder head insert (with 
dual functionality as both a spark plug and a gas sampling valve) and used it to 
measure local fuel mixture concentrations within the spark electrode spacing, at the 
instant of spark discharge. Helium gas was used as a carrier gas for the collected 
gas sample and it was observed that the cyclic variation in fuel concentration at 
the electrode spacing increased with increasing percentage of EGR supplied to the 
engine. Turns & Borman (1980) investigated, in a steady flow rig, the extent to 
which a sampling valve can disturb the in-cylinder gas motion. Two types of in-
cylinder gas sampling probes were used, one having intermittent and the other 
continuous sampling flow action. It was observed that the probe diameter affected 
the measured species concentration, by altering the fuel diffusion process. These 
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results are in agreement with similar studies carried out previously by various other 
investigators (Fristrom et al. 1957; Yanagi 1977; Hayhurst et al. 1977).  
Aoyagi et al. (1980) used an electro-magnetic needle-type sampling valve (Tsukasa 
Sokken GSD-1A) in a direct injection compression-ignition (CI) engine to 
investigate the effects of injection timing, swirl ratio and combustion chamber shape 
on the formation processes of NO and soot. NO was observed to form during the 
early and middle stages of combustion at high in-cylinder pressures and 
temperatures, and peak NO concentrations were reached as in-cylinder mixture 
ratios neared stoichiometric conditions. Soot was reported to form rapidly during 
the initial stages of combustion in fuel rich zones within the flame, and was later 
oxidized due to the entrainment of air in the flame. Optimum swirl conditions were 
found to produce a more homogenous distribution of fuel and air throughout the 
combustion chamber, resulting in lower soot levels. Similar studies were conducted 
by Fujiwara et al. (1984) in which gas composition analysis was performed using 
gas chromatographic techniques, while a transmission electron microscope was 
employed to examine soot concentration and size distribution, and the spatial 
dispersion of soot particulates.  
Liu et al. (1984) used a total cylinder sampling technique to study the effects of 
engine load, equivalence ratio, fuel injection timing and percentage EGR on NOx 
levels within the cylinder of a passenger-type, single cylinder, indirect injection CI 
engine. The sampling valve used an explosively actuated cutter to cut a diaphragm 
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sealing the pre-chamber, when the sample was required to be collected; the valve 
has been described in detail by Liu & Kittelson (1982). Nitrogen gas was used to 
dilute the sample in order to arrest the chemical reactions, and the diluted sample 
is filled into a Teflon sampling bag for analysis. NOx concentrations were observed 
to increase after the end of the ignition delay period and reach a maximum at 10 
CAD ATDC, and then decay towards exhaust concentrations. Peak NOx 
concentrations increased by 45% when equivalence ratio was increased from 0.38 to 
0.94. The ratio of peak in-cylinder NOx to exhaust NOx emissions increased with 
increasing engine load. Advancing of fuel injection timing led to an increase in both 
peak and exhaust NOx concentrations, i.e. a 33% increase in exhaust NOx and a 
50% increase in peak in-cylinder NOx concentration was observed when the fuel 
injection timing was advanced by 10 CAD. The addition of 11.5% EGR decreased 
NOx concentrations by 33%. The experimental results were in good agreement with 
model predictions made using stochastic combustion models for this engine (Liu & 
Kittelson 1982). 
Barbella et al. (1989) used a stainless steel, water cooled, electro-magnetic needle-
type sampling valve to collect in-cylinder gas samples in order to study the 
composition histories of soot, light and heavy hydrocarbons and NOx emissions in 
a direct-injection CI engine. Liquid and gas chromatographic techniques were 
applied to analyse the chemical transformations that paraffinic, and mono-aromatic 
and poly-aromatic compounds in diesel fuel undergo during combustion. Samples 
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were collected every cycle and sampling durations of 1 ms at an engine speed of 
1200 rpm were achieved. The concentration of heavy hydrocarbons decreased 
during early stages of combustion and their profile matched the consumption of 
fuel. Paraffinic and aromatic fuel compounds decreased rapidly during injection and 
a concurrent increase in oxygenated fuel compounds was observed. The total PAH 
concentration was seen to reduce during the early stages of combustion and a 
preferential conversion of light alkylated PAHs was observed. NOx formation 
occurred mainly in the premixed burning phase in the presence of high pressures 
and temperatures reaching peak values during the diffusion burning phase of 
combustion. Maximum soot concentration was also observed in the diffusion 
burning phase. Heavy hydrocarbons were detected during the late part of the cycle 
and their similarity with the original fuel suggested that part of the later-injected 
fuel quenched on the chamber walls and survived oxidation. 
Ozasa et al. (1991) used an electromagnetically actuated needle-type sampling valve 
similar to the one used by Aoyagi et al. (1980), in conjunction with a catalytic 
oxygen sensor, in a single cylinder, 4-stroke, dual spark plug SI engine. The 
sampling valve was installed in place of one of the spark plugs and the effect of 
swirl ratio on the air-fuel mixture strength (measured using the oxygen sensor) near 
the spark plug was investigated. The swirl ratio was varied by using three different 
piston bowl shapes. The global air-fuel ratio was found to be similar to the local 
mixture strength at the spark plug for all three piston bowl shapes and decreased 
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as the engine cycle progressed due to air entrainment. The fuel injection timing 
significantly influenced the air-fuel ratio but only for the piston bowl shapes which 
maintained the swirl motion. NOx emissions were also seen to vary significantly 
with fuel injection timing but only for piston bowl shapes which maintained the 
swirl ratio of the combustion chamber. It was suggested that NOx emissions were 
considerably dependent on the homogeneity of the air-fuel mixture in the 
combustion chamber. 
Zhao et al. (1996) developed an in-cylinder poppet-type gas sampling valve, based 
on the percussion principle, with an electromagnetically actuated armature and a 
proximity sensor to measure valve lift. This sampling valve was used to extract in-
cylinder gaseous samples from a direct injection CI engine, at various instants 
during the engine cycle, so as to follow the in-cylinder composition histories of NOx, 
CO, CO2 and soot emissions. NOx concentrations were found to increase rapidly 
after combustion and reached peak levels within 1 ms of the start of combustion 
before subsequently declining to similar concentration levels as those measured in 
the engine exhaust. EGR was seen to be very effective in reducing NOx 
concentration in the in-cylinder gases. However, EGR also resulted in a significant 
increase in soot concentrations, with the peak particulate concentration in the 
cylinder found to be at least 20 times greater than the exhaust particulate 
concentration. Electron microscopy and chemical speciation techniques were also 
employed to assess soot particulate sizing; individual soot spherules appeared to be 
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larger at 40 CAD ATDC relative to those observed at 10 CAD ATDC and 150 
CAD ATDC.  
Kato et al. (1997) applied an in-cylinder gas sampling technique to determine the 
concentrations of the soluble organic fractions (SOF) and the insoluble fractions 
(ISF) of PM at different locations within the combustion chamber. High 
concentrations of SOF and ISF were reported when sampling along the spray flame 
axis, with both SOF and ISF concentrations higher when sampling closer to the 
chamber wall.  
More recently, Nowak et al. (2008) utilized a gas sampling technique to measure 
the in-cylinder concentrations of various stable intermediate species during the 
HCCI combustion cycle and provide insights on fuel oxidation. The sampling probe 
featured an in-built N2 dilution system and channels for oil circulation to regulate 
valve temperature, and was installed in the spark plug hole of a CFR engine; 
sampling times of 0.6 ms were achieved with satisfactory repeatability. The 
maximum concentration of combustion products observed during the high 
temperature reaction regime, and the major species produced during these reactions, 
were found to be the same as those measured in the exhaust gas. Of the exhaust 
THC concentrations, 70% were reported to be unburned fuel species mostly from 
the in-cylinder surface boundary layer, where low temperatures prevented oxidation.  
Dumitrescu et al. (2009) carried out a computational study to determine the 
optimum sampling valve design (including the method of surface cooling and inert 
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gas flow specification) required to arrest the reaction chemistry in an extracted 
sample for high resolution determination of particulate loading. The authors 
suggested that the sample valve length should be kept as short as possible to 
prevent adherence of soot on the valve inner walls, and the flow of an inert gas was 
necessary to quench sample reactions as valve wall cooling alone was insufficient in 
this respect. 
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 Conclusions 
The following conclusions can be reached from the discussion on the processes 
involved in diesel fuel combustion and emissions formation in a compression ignition 
engine: 
 The diesel fuel combustion process can be divided into multiple stages: the 
ignition delay period which consists of low temperature fuel breakdown, while 
the air entrains into the injected diesel fuel spray, followed by autoignition at 
multiple sites where the fuel and air had mixed within combustible limits prior 
to autoignition, accompanied by a rapid discharge of heat energy during the 
premixed stage, and the remaining fuel combusting during the diffusion-
controlled stage. 
 A variety of optical techniques, including laser diagnostic methods (PLIF, 
Rayleigh scattering, chemiluminescence, etc.), were used to provide an in-
cylinder timeline of diesel fuel consumption and define zones of varying  fuel-
air mixture stoichiometry in the flame structure. 
 The formation of NOx via the thermal (Zeldovich) mechanism, which involves 
the breakdown of atmospheric N2, is the dominant NOx reaction mechanism 
in compression ignition engines. NOx formation rates are kinetically controlled, 
and are highly dependent on in-cylinder gas temperatures and on the 
concentrations of N2 and O2 in the gas mixture.   
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 Soot formation in compression ignition engines commences with the process 
of fuel pyrolysis (fuel breakdown) followed by the formation of nuclei which 
act as reactive sites for the addition of gaseous hydrocarbon radicals (surface 
growth). The processes of coalescence and agglomeration follow, whereby 
particles clump together to form larger particles. The process of soot oxidation 
occurs concurrently with soot formation, and is significant in determining the 
ultimate soot emissions. 
 The distribution of diesel exhaust particle size is tridmodal: nucleation mode 
particles (5  50 nm diameter), accumulation mode particles (100  300 nm 
diameter) and the coarse mode particles (2  10 μm diameter). 
From the literature available and previous studies conducted on the co-combustion 
of diesel fuel with a variety of gaseous fuel mixtures, the following conclusions can 
be made: 
 The use of H2 as fuel is beneficial in IC engines as it does not produce carbon-
bearing pollutants from combustion. A review of literature suggests that the 
co-combustion of diesel fuel with H2 has a varying effect on NOx emissions, 
the primary reason for this lack of clarity being the different engine operating 
conditions used. 
 Methane and hydrogen have a lot of complimentary properties; methane has 
a narrow flammability limit, low flame propagation velocity, high ignition 
energy requirement and excellent anti-knock properties, while relatively, 
Chapter 2                                   2.6 Conclusions 
     
91 
  
hydrogen has a wide flammability limit, high flame speeds and high adiabatic 
flame temperatures, but can suffer from anomalies such as knock and 
backfiring. The use of hydrogen-methane mixtures in IC engines has the 
potential to yield beneficial effects from their synergy. 
 The combustion of biogas releases carbon dioxide that was originally fixed by 
the plant matter during photosynthesis, via the natural carbon cycle. The 
combustion of biogas decreases atmospheric CH4 emissions, reduces liquid fuel 
consumption, allows lean burn operation, emits less carbon pollutants than 
the liquid fuel equivalent and under certain engine operating conditions is able 
to provide comparable thermal efficiency. 
From previous investigations conducted using in-cylinder sampling techniques in 
IC engines, the following conclusions can be reached: 
 In-cylinder gas sampling is an invaluable technique that can provide 
quantitative insight about the diesel combustion process and the evolution of 
intermediate species that ultimately form pollutants. 
 A wide variety of timed gas sampling valves (needle type, poppet valve type, 
hydraulic actuation, electromagnetic actuation, etc) have been used by 
previous investigators in both SI and CI engines to extract in-cylinder gas 
samples for analysis, when investigating gasoline and diesel fuel combustion, 
respectively. 
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 The in-cylinder gas sampling methods have been used in conjunction with gas 
analysers, electron microscopy and chemical speciation techniques, and gas 
chromatographs and mass spectrometers, to analyse the constituents of the 
collected in-cylinder gas sample. 
 Gap analysis 
A review of literature on in-cylinder gas sampling systems shows that it is quite an 
effective method for determining the change in the composition of the in-cylinder 
gases as the engine cycle progresses. The current method of collecting in-cylinder 
samples involves filling a bag which takes both time and can result in the 
condensation of low boiling point species in the sample, as the collected sample in 
the bag cools down to room temperature. There is a need to develop a sampling 
system which would (a) reduce the time for which the samples are collected from 
the engine cylinder and (b) reduce the duration between extraction and analysis of 
the samples.  
The literature on H2-diesel co-combustion suggests a varying effect on exhaust 
emissions, particularly NOx and particulate exhaust emissions, with some 
researchers observing a significant increase in NOx emissions with the addition of 
H2 while others reporting a decrease in NOx emissions. These conflicting reports 
could be due to different test conditions adopted by different researchers and 
therefore there is a need to undertake a comprehensive study on H2-diesel co-
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combustion whereby the amount of H2 supplied to the engine varies from additive 
levels to the engine running primarily on H2. 
A review of literature suggests that engines operating on CH4 and biogas (typically 
CH4-CO2 mixtures) suffer from issues such as increased ignition delay periods, low 
peak heat release rates, increased cycle to cycle variation and the occasional flame 
failure. The addition of H2 to both CH4 and biogas has the potential to counter 
these issues, since H2 requires a very low amount of energy to ignite but has 
significantly higher flame propagation speeds (as compared to CH4 and biogas). 
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 Experimental setup 
The present chapter describes the experimental facility including the single cylinder 
engine and the various systems that were utilised with the engine in order to 
conduct the experiments described in this work. These include the following systems: 
engine common-rail fuel injection, air super charging, gas delivery, exhaust gas 
analysis, instrumentation and data acquisition, and a high pressure low volume fuel 
system for use with non-conventional liquid fuels. The single cylinder engine, the 
common-rail fuel system and the air supercharging system were in place at the 
beginning of this project, while the rest of the systems were developed during the 
course of the project. Also described in the present chapter is the development of 
the design and manufacture of a novel in-cylinder gas sampling and analysis system 
which allowed the extraction of gas samples from within the combustion chamber 
of a running engine, and means of analysing their composition.  
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 Single-cylinder engine 
For the purpose of this work, a custom built 4-stroke single cylinder research engine 
with direct fuel injection was utilised. The cylinder head, intake manifold, fuel 
injector, piston and connecting rod (along with the associated bearings) were taken 
from a production 2.0 litre four cylinder turbocharged automotive diesel engine 
(Ford Duratorq 2.0 CD132 130PS), in order to preserve realistic engine geometry. 
The cylinder head was mounted on an engine crankcase (Ricardo Hydra), with an 
adapter plate used to adapt the production four cylinder head into a single cylinder 
arrangement. The combustion chamber of the engine comprised of a flat roof with 
four valves (two intake and two exhaust) and a centrally located fuel injector, in 
conjunction with a ω-shaped bowl piston. A schematic of the section through the 
engine head and crankcase is shown in Figure 3.1, and the specifications for this 
engine are listed in Table 3.1. The engine crankshaft was connected directly to a 
David McClure dynamometer, which can motor the engine up to 5000 rpm. When 
the engine is firing, the dynamometer is able to hold the engine at a constant speed, 
by absorbing and adjusting the torque resistance offered to the engine. The 
dynamometer is not configured for transient operation, and is therefore more 
suitable for experiments run at constant speeds. The dynamometer was driven by 
the thyristor power unit and controlled by a Cussons test-bed control rack. A 58x 
tooth wheel with a Hall Effect sensor and shaft encoder were fitted on the front 
end of the crankshaft (Figure 3.2). Additionally, a camshaft sensor mounted on the 
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cylinder head provided a reference signal when the piston was at top dead centre 
(TDC). The signals from the crankshaft and camshaft sensors were used by the 
injection control systems, to control the timing and duration of fuel injection. The 
crankshaft encoder provided 1800 pulses per revolution as well as a reference signal 
per revolution to indicate piston TDC, both of which were used for the data 
acquisition system. 
A high pressure and temperature piezoelectric pressure transducer (Kistler 6056A) 
was used in conjunction with a charge amplifier (Kistler 5018) to measure in-
cylinder pressure. The pressure transducer was installed where the glow plug is 
normally mounted in the production head, and a glow plug adapter (manufactured 
by Kistler) was used to house the pressure transducer in the engine head.  As the 
in-cylinder pressure transducer was of the piezoelectric type, it required reference 
to a known absolute pressure. This was accomplished by setting the in-cylinder 
pressure, once every engine cycle when the piston was at BDC, to the inlet manifold 
pressure which was measured with a piezoresistive pressure transducer (Druck PTX 
717-3275) installed 160 mm upstream of the inlet valves. 
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Engine head model Ford Duratorq 
Engine crankcase model Ricardo Hydra 
Number of cylinders 1 
Bore 86 mm 
Stroke 86 mm 
Swept volume 499.56 cm3 
Compression ratio  
(geometric) 
18.3 : 1 
Maximum in-cylinder 
pressure 
150 bar 
Piston design Central ω  bowl in piston 
Fuel injection pump Delphi single-cam radial-piston pump 
High pressure common rail Delphi solenoid controlled, 1600 bar max. 
Diesel fuel injector 
Delphi DFI 1.3 6-hole solenoid valve 
injector 
Electronic fuel injection 
system 
1 µs duration control 
Crank shaft encoder 1800 ppr, 0.2 CAD resolution 
     Table 3.1: Single cylinder engine specifications 
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Figure 3.1: Schematic showing a section through the cylinder head and crankcase of the research 
engine (Schönborn 2009) 
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The engine can be run naturally aspirated as well as with the intake air pressurised 
(boosted) using an air supercharged system. When the engine was operated in 
naturally aspirated mode, the engine intake air was inducted from the surrounding 
atmosphere, through a filter, a positive displacement volumetric air flow meter 
(Romet Type G65) and a plenum (damping chamber), before entering the intake 
manifold.  Flexible hosing of diameter 52 mm was used to connect the various 
components of the air intake system. A piezoresistive pressure transducer (Druck 
PTX 717-3257) and a K-type thermocouple were placed at the inlet of the air flow 
meter, to enable conversion of volumetric flow rates to mass flow rates. 
The exhaust gas exited from the exhaust port of the engine and was conveyed to a 
silencer through a steel tube of diameter 53 mm, and then evacuated from the 
silencer by the extraction system of the laboratory. The exhaust pressure (measured 
Figure 3.2: 58x wheel and shaft encoder 
mounted on the front end of the 
crankshaft 
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using a Druck PTX 717-3275 piezoresistive pressure transducer) and temperature 
were measured 150 mm downstream of the exhaust port; sampling ports for the 
exhaust analysers were also placed at this point. 
Lubricating oil was pumped around the engine crankcase and cylinder head at a 
pressure of 4 bar, using an external pump, and was kept at a constant temperature 
of 80 ± 2.5 °C. The oil was heated using two heating elements located within the 
oil sump in the crankcase, and the temperature regulated with a closed-loop wax 
valve system. The wax valve system controlled the flow of water to a heat exchanger 
through which the oil also passes. A similar temperature control system was 
employed for the engine coolant, which was kept at a constant temperature of 70 
± 2.5 °C. An external pump was used to circulate the coolant around the cylinder 
Figure 3.3: The lubricating oil and coolant system of the research engine (Ricardo 1986) 
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head, however the coolant circuit was not pressurised. Various sensors placed 
around the test bed measured the oil temperature and pressure and the coolant 
temperature and level, and in the case of any fault the engine was shut off 
automatically. Figure 3.3 shows the oil and coolant system which is a part of the 
Cussons test-bed. 
 Common rail fuel injection system 
A high pressure common-rail fuel injection system, similar to those found on many 
modern automotive compression-ignition engines, was used with the engine. The 
fuel injection system consisted of a header tank, high pressure fuel pump, common 
rail, heat exchanger and fuel injector. Figure 3.4 shows the schematic of the fuel 
injection system, including the heat exchanger used for cooling the fuel. 
The header tank (volume 2 litres) was mounted 350 mm above a crankshaft driven, 
self-lubricating fuel pump (Delphi 33100-4X400), so that diesel fuel flow to the 
pump could assisted by gravity. An inline fuel filter (Delphi HDF924) was installed 
between the header tank and fuel pump to remove any particles in the diesel fuel 
which could potentially block the injector nozzle holes. The fuel was pumped into 
the high-pressure common rail (Delphi B47KA, maximum operating pressure 2200 
bar) where the pressure was regulated by means of a pulse-width modulated 
pressure relief valve (PRV), installed at one end of the common rail. A pressure 
transducer was installed on the other end of the common rail and was used in 
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conjunction with the PRV to keep the pressure in the common rail at the level set 
by the user. The low pressure spill from the fuel pump, common rail and injector 
was combined and cooled by a counter-flow stainless-steel nickel fuel heat exchanger 
which utilized water as the cooling fluid. Cooling the spill is necessary as the fuel 
gets heated up due to compression in the fuel pump and the common rail. The flow 
rate of water to the heat exchanger was controlled by a proportional solenoid valve, 
and the voltage supplied to the proportional valve was automatically regulated by 
a closed loop feedback system, based on the temperature of the fuel spill. The 
cooled-down fuel spill was subsequently fed back into the fuel supply circuit 
upstream of the fuel pump.  
 
 
Figure 3.4: Schematic of the common-rail fuel delivery system, including the heat 
exchanger 
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A servo-hydraulic solenoid valve diesel fuel injector was used for the experiments, 
which had six holes in the nozzle, each of 154 µm diameter. Figure 3.5 shows the 
main features of servo-hydraulic fuel injector and operating principle of such an 
injector is described in the following lines. The high pressure fuel from the common 
rail (9) acts on the back of the needle and on the shoulder (6). When current is 
supplied to the solenoid (2), the valve ball (4) opens the valve control chamber (5) 
and fuel at the back of the valve plunger (11) bleeds into the fuel return (1). This 
relieves the pressure acting at the back of the needle, and the higher pressure acting 
on the nozzle needle pressure shoulder (6) rapidly lifts the needle, letting fuel 
through the nozzle holes (7). Injection parameters such as response time and needle 
lift of the injector can be finely-tuned through optimization of the size of the outlet 
(8) and inlet (10) restrictors. 
 
Figure 3.5: Servo-hydraulic solenoid-injector; (1) Fuel return, (2) Solenoid coil, (3) 
Solenoid armature, (4) Valve ball, (5) Valve control chamber, (6) Nozzle needle pressure 
shoulder, (7) Injector nozzle holes, (8) Outlet restrictor, (9) High pressure port, (10) Inlet 
restrictor, (11) Valve plunger (Bosch 2004) 
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 Intake air supercharger system 
An intake air supercharger system was deployed on the single-cylinder research 
engine to create test conditions that match a modern turbocharged engine, while 
allowing for independent control of intake air pressure and temperature. A 
schematic of the supercharger system, along with the associated air and water flows, 
is shown in Figure 3.6. The system contained a rotary screw super charger (Eaton, 
model M45), which was driven by an ABB variable speed electric motor via a drive 
belt. The rotational speed of the electric motor was controlled by a thyristor system 
with a signal voltage of 0-10V adjusted by means of a potentiometer. A relay switch 
was included in the supercharger electric circuit which cut power to the electric 
motor in the event of the engine being stopped either manually or due to any failure. 
This was done to prevent pressure build up downstream of the supercharger, in the 
event of the engine suddenly stopping. The air flow rate was determined using a 
positive displacement volumetric air flow meter (Romet Type G65), mounted before 
the supercharger, which has been described previously in Section 3.1. A Bowman 
Figure 3.6: Schematic of the intake air supercharger system (air boost system) mounted 
on the single cylinder engine 
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charge-air intercooler (which used laboratory water as the cooling fluid) was 
installed downstream of the supercharger in order to regulate the temperature of 
the pressurised air from the supercharger, and hence of the engine intake air. The 
flow rate of water to the intercooler was controlled by a proportional solenoid valve, 
and the voltage supplied to the proportional valve was automatically regulated by 
a closed loop feedback system, based on the temperature of the air. A plenum 
chamber with a volume of 50 litres (approximately 100 times engine displacement) 
was used as a damping box to dampen any pressure fluctuations from the super 
charger. For safety reasons, the plenum chamber was fitted with three fast-acting 
pressure relief valves in order to vent the system quickly if the pressure in the 
chamber rose above 4 bar. A pressure transducer installed in the intake manifold 
(described in Section 3.1) was used to determine the inlet air pressure, and the 
speed of the electric motor was varied to adjust this pressure level. 
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 Gas delivery system 
A major part of this project involved co-combusting diesel fuel and various gaseous 
fuels such as H2 and CH4, and on occasion running the engine entirely on the gaseous 
fuel with the diesel acting a pilot ignition source. For this purpose, a gas delivery 
system was set up so as to safely transport the gas from the compressed gas bottles 
to the engine intake manifold, where it mixed with the engine intake air and was 
aspirated into the cylinder; a schematic of this setup is shown in Figure 3.7. Three 
thermal mass flow controllers (MFC), manufactured by Bronkhorst, were used to 
remotely control the flow rate of different gases, allowing mixtures of up to three 
gases to be supplied to the engine. Thermal MFCs make use of the heat 
conductivity of the gases to determine mass flow. Within the MFC unit, a flow 
resistance splitter (restrictor) placed in the primary flow path of the gas causes the 
Figure 3.7: Schematic of the gas delivery system, and subsequent aspiration with the 
engine intake air 
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gas to flow through a secondary narrower pathway (by-pass) which houses the 
sensor. The sensor makes use of heaters and differential temperature measurement 
to provide a signal that is proportional to the gas flow in the by-pass. The ratio of 
the flow in the primary path through the restrictor and flow in the by-pass is 
precisely known and is kept constant. The electrical circuits within the MFC make 
use of the sensor signal and flow ratio to determine the mass flow rate of the gas. 
The flow rate can be varied by changing the size of the orifice in the flow control 
element of the MFC. The orifice size is changed by means of a solenoid-controlled 
valve plunger, which changes position based on the voltage signal supplied to the 
coil winding around the valve stem. All the three MFCs were calibrated to operate 
at 1 to 8 bar gauge inlet pressure and 0 - 1.5 bar gauge outlet pressure, and had an 
accuracy of ±0.1% of the full-scale reading. Two of the MFCs were a similar model 
(EL-FLOW F201AV-70K) and were calibrated to measure Ar, CH4, C2H6, CO, CO2, 
H2, He, N2, N20, air and O2 up to a maximum flow rate equivalent to 70 l/min air 
flow. The third MFC (EL-FLOW F202AV-M20) could go up to higher flow rates, 
equivalent to 200 l/min air flow, and was calibrated to measure CO2, N2 and air. 
This MFC was typically used to simulate EGR like conditions in the engine, by 
aspirating large quantities of inert gases like CO2 or N2 with the engine intake air. 
However, all three MFCs could be used with a variety of other gases/gas mixtures 
by applying a conversion factor which could be obtained from an online Bronkhorst 
gas flow conversion tool. 
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Hand-operated ball valves were installed before the MFCs to manually shut off the 
gas flows when the setup was not in use. Electronically operated solenoid valves 
were mounted downstream of the MFCs, and relay switches placed in the electric 
circuit cut power to the solenoid valves (causing them to shut close, and hence 
stopping gas flow into the engine) in the event of the engine being stopped either 
manually or due to any failure. The pipes feeding the gas into the intake manifold 
were biased in the direction of flow (Figure 3.7), in order to reduce the likelihood 
of back flow. Additionally, a spring loaded non-return full-flow valve was installed 
upstream of the intake manifold to prevent gases from flowing back into the plenum 
chamber (Figure 3.6). The non-return valve opened at a very low pressure of 25 
mbar in the air forward direction, and hence the pressure drop across the valve was 
insignificant. As an additional safety precaution, flashback flame arrestors were 
installed in the gas supply lines which carried flammable gases such as H2 or CH4. 
 Exhaust and in-cylinder gas composition analysis 
system 
The composition of the exhaust and in-cylinder gas (henceforth referred to as 
MEXA 9100 HEGR) and a particulate spectrometer (Cambustion DMS500). The 
main analyser rack (Figure 3.8) was capable of measuring the concentrations 
present in the sample of the following species: CO, CO2, EGR CO2, THC, O2, NO 
and NOx. While all the other analysers were located within the main rack, the fast 
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ionization detector (FID) sensor and the associated oven, which measured THC 
concentrations, was housed separately, and the signals from the FID were fed into 
the main analyser rack. The gas sample was conveyed from the engine to the 
analysers by means of two heated lines, which were maintained at 190°C to prevent 
condensation of any low boiling point species in the sample. One of the heated lines 
carried the gas sample to the main analyser rack where it was subjected to filtering 
and condensation of water vapour and gaseous hydrocarbons (by using coolers 
which reduced the temperature of the sample to 5°C before entering the individual 
analysers, while the other conveyed the sample to the FID for THC measurement. 
The following sections describe the operating principles of the various gas and 
particulate analysers. 
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 CO and CO2 
The concentration of CO and CO2 in the gas sample was measured using a non-
dispersive infrared (NDIR) absorption analyser (Horiba AIA-120), located in one of 
the drawers of the analyser rack. This technique utilised the absorption of 
wavelength-specific infrared energy by CO and CO2, and the degree of absorption 
was proportional to the concentration of the molecule present in the sample, at 
constant known pressure and temperature.  
In a basic single NDIR detector system, as shown in Figure 3.9, two cells are placed 
in parallel with the sample gas flowing through one of the cells and an infrared-non 
absorbing gas (N2) flowing through the other. An infrared beam passes through 
Figure 3.8: Horiba MEXA 9100 HEGR main analyser rack 
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both cells simultaneously, then exits the cells and enters a hermetically sealed 
detection cell. The frequency of the infrared beam is modulated by varying the 
speed of a rotating chopper wheel, and the intensity of the beam entering the 
detection cell is dependent on the level of absorption of the beam by CO or CO2 in 
the sample. The beams result in the deflection of a metallic membrane within the 
detector, with the amount of deflection being proportional to the energy of the 
infrared beam. The deflection is measured by a capacitive sensor and a 
proportionate electrical output signal produced (Horiba Instruments 1984). 
Two NDIR units were used in the analyser for measurement of different ranges of 
CO and CO2. The first unit employed a dual detector system in order to be able to 
measure very low concentrations of CO (<3000 ppm) with a high accuracy. The 
two detectors were placed in series, with the first detector featuring infrared 
Figure 3.9: Schematic demonstrating the operating 
principle of the NDIR CO and CO2 analyser (Horiba 
Instruments 1984) 
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transparent windows to allow the infrared beam to exit the first and enter the 
adjacent second detector cell. The first detector responds primarily to the sample 
and contributes only a small portion of the output signal produced by an interferent 
species (such as CO2 in the case of CO detection). The second detector behaves in 
the opposite manner, and hence the eventual compensated composite signal that is 
produced has a very low influence from the interferent. The second unit is capable 
of simultaneously measuring CO2 and higher concentrations of CO (>3000 ppm) 
and employs a stacked detector system. It is possible to measure the concentrations 
of both molecules from the same sample using two separate detector cells, if both 
species are present in similar concentrations in the sample, as the absorption 
wavelengths of CO and CO2 do not overlap (Horiba Instruments 1984). 
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 O2 
A magneto-pneumatic analyser (Horiba FMA-125) was used to determine the 
concentration of O2 in the gas sample. The measurement was based on the principle 
that O2 possesses a significantly higher paramagnetic susceptibility than the other 
gases present in the sample. Within the analyser, the sample gas flows past a pair 
of poles which are alternately magnetised by electromagnetic excitation of the coils. 
O2 molecules are attracted towards the magnetised pole, which disrupts the flow of 
N2 through the orifice located within the magnetic pole. The flow of N2 through the 
orifice in the non-magnetized pole is not restricted, and the pressure differential of 
the N2 between the two poles is converted by a detector (a condenser microphone) 
to an electrical signal proportional to the concentration of O2 in the sample (Horiba 
Instruments 1984). 
Figure 3.10: Schematic demonstrating the operating principle of the magneto-
pneumatic O2 analyser (Horiba Instruments 1984) 
 
Chapter 3                                  3.5 Exhaust and in-cylinder gas 
composition analysis system 
     
114 
  
 
 Unburned THC 
The level of unburned total hydrocarbons (THC) is determined using a flame 
ionisation detector (FID) which consists of a controller module (Horiba FMA-125) 
located in the main rack and an external heated oven (Horiba FIA OV-04), which 
houses the FID sensor and is kept at 190°C. The gas sample passes through a 
hydrogen and air flame, located in the oven, resulting in the breakdown of 
hydrocarbon bonds into positive ions and electrons. Two electrodes, with opposing 
polarities, are positioned at either end of the flame and the ionisation of 
hydrocarbons results in a current being generated across the electrodes. The 
magnitude of the generated current is proportional to the number of carbon atoms 
ionised (Horiba Instruments 1984).  
 NO and NOx 
A chemiluminescent analyser (Horiba CLA-150) was used to measure the 
concentration of NO and NOx in the gas sample. The gas sample is mixed with 
ozone (O3) and fed into an evacuated reaction chamber to allow the NO and O3 to 
react under reduced pressure conditions, resulting in the formation of NO2. About 
10% of the NO2 formed is initially in an electrically excited state, and emits photons 
as it reverts back to the unexcited state (Equations 3.1 and 3.2). The resulting 
luminescence is proportional to the concentration of NO in the sample and is 
measured by a photosensitive diode, which produces a signal output. The reaction 
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chamber is kept evacuated using a vacuum pump (part of main analyser rack); the 
reduced pressure also decreases collisions between excited NO2 and other molecules 
(for example, air molecules) thereby reducing interference from other species 
present in the sample. 
 𝑁𝑂 + 𝑂3 → 𝑁𝑂2
∗ + 𝑂2 (3.9) 
 𝑁𝑂2
∗ → 𝑁𝑂2 + ℎ𝑓 (3.10) 
state) 
The amount of NO2 can also be measured using the chemiluminescent analyser by 
passing the entire gas sample through a NO2 heated catalyst, prior to the sample 
entering the reaction chamber. The NO2 dissociates in the presence of a heated 
catalyst to form NO, 
 𝑁𝑂2 + 𝐶𝑎𝑡𝑎𝑙𝑦𝑠𝑡 → 𝑁𝑂 + 𝐶𝑂 (3.11) 
The total NO concentration in the gas sample after passing through the NO2 
converter consists of the original NO and the converted NO (from NO2). Thus, it 
is possible to detect the total level of NOx in the gas sample by using the NO2 
converter. The analyser can be switched between NO and NOx detection modes by 
routing the gas sample either directly to the reaction chamber or via the NO2 to 
NO converter (Horiba Instruments 1984).  
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 Particulates 
A differential mobility particle spectrometer (Cambustion DMS500) was used to 
determine the number, size and mass of particles ranging between 5 and 1000 nm 
diameter. The operating principle of the particle spectrometer is to classify the 
particles according to their specific ratio of electric charge to aerodynamic drag. 
Figure 3.11 shows the flow of the gas sample through the particle spectrometer. 
The gas sample is carried from the sampling point on the engine to a heated remote 
cyclone (kept at 80°C) via a stainless steel pipe of length 250 mm. In the remote 
cyclone, the gas is diluted with heated dry compressed air at a ratio of 5:1 (ratio of 
air to sample) which serves two purposes: firstly, the dilution reduces the water 
dew point of gas sample to below the ambient operating condition of the instrument 
and secondly, diluting the sample reduces the particle concentration in the gas 
sample, thereby decreasing particle accumulation and extending instrument service 
intervals. The compressed air is carried to the remote cyclone via a heated line 
which was 5 m in length and maintained at 80°C. Additionally, the remote cyclone 
has an orifice fitted which removes, and thus prevents, particles greater than 1 µm 
in size from passing through. The pressure downstream of the orifice (and 
throughout the instrument) is maintained at an absolute pressure of 0.25 bar by an 
external vacuum pump. The sample is then carried from the remote cyclone via the 
heated line (in a separate PTFE pipe to the compressed air pipe for the remote 
cyclone) to a second dilution system, a rotating disc diluter, where the sample is 
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diluted by a ratio of 200:1 by compressed air. The flow rates of the dilution air and 
of the gas sample streams following dilution are precisely measured in order to be 
able to calculate the actual dilution ratios. After passing through the secondary 
diluter, the sample flows through a corona discharge charger, which adds a negative 
charge to the particles in the gas sample, and then into the classifier column 
(particle sizer) (Cambustion 2011). 
The classifier column consists of a uniform cylindrical column of air flowing around 
a central high voltage electrode and surrounded by a sheath of particle free air. The 
sheath is surrounded by twenty two grounded rings, and the high voltage potential 
of the central electrode caused particles to deflect towards these rings as the sample 
gas passes through the classifier. The location at which the particle impacts inside 
the classifier, and hence the ring up on which the particle discharges, is determined 
Figure 3.11: Schematic showing the flow of sample through the DMS500 
(Cambustion 2011) 
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by the mobility of the particles, and therefore depends on the size of the particle 
and the magnitude of charge it holds. The aerodynamic drag on the particles can 
be related to the particle diameter (assuming a spherical shape) and will thus affect 
the velocity of the particle as it travels through the classifier. Therefore by 
comparing the discharge current and ring location of particles in the gas sample to 
those of known particle sizes, the charge and diameter of the particles in the gas 
sample can be determined (Cambustion 2011). The total mass of particulates can 
be determined by making assumptions regarding the shape and density of the 
particles, and previous work has shown that a good estimate of the diesel particulate 
mass can be obtained from the particle mobility diameter (Park et al. 2003; 
Symonds et al. 2007). 
 
 
Figure 3.12: Classifier column of the DMS500 (Cambustion 2011) 
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 Instrumentation and data acquisition systems 
 Control of diesel fuel injection pressure, timing and duration 
The fuel pressure at the injector, the timing of the fuel injection and its duration 
were all controlled by multi-microprocessor electronic control system (Emtronix 
EC-GEN-500) in conjunction with a dedicated software program (Emtronix EC 
Lab) for PC interface. Signals from the Halls effect sensor mounted on the 58x 
flywheel and from the camshaft sensor were used by the Emtronix system to 
calculate engine speed as well as control the timing of fuel injection based on the 
piston TDC position. The common rail pressure, and hence the fuel injection 
pressure, was also regulated by the Emtronix unit by sending a pulse-width-
modulated (PWM) current, of constant frequency and amplitude, with a varying 
the feedback signal received from the pressure transducer mounted on the common 
rail. The desired common-rail pressure, fuel injection timing (with reference to TDC) 
and duration of fuel injection could be set by the user to accuracy of ±1 bar, ±0.1 
Figure 3.13: Screenshot of the fuel injection control program, Emtronix EC-Lab 
Chapter 3                                  3.6 Instrumentation and data 
acquisition systems 
     
120 
  
CAD and ±1 µs, respectively, on the EC Lab program. Additionally the Emtronix 
system allowed multiple injections, of up to 8 fuel injections, in an engine cycle. 
 Monitoring, control and acquisition of engine data 
Engine experimental data was monitored in real-time and logged using data 
acquisition hardware from National Instruments (NI DAQ), which was used in 
conjunction with graphical programming software, NI LabVIEW. Bespoke and 
comprehensive NI LabVIEW programs were developed by the author in-house to 
acquire signals from various sensors, display engine parameters in real time, send 
signals to instruments, and process and log the acquired data. Multiple NI DAQ 
systems were used to record different sets of data as described in the following 
paragraphs. 
A high speed data acquisition card, NI PCI-6254, was utilised to acquire pressure 
data from the various pressure transducers mounted in different locations on the 
engine (described in Section 3.1). The DAQ card had 16 multiplexed differential 
analogue input channels with a peak sampling rate of 1.25 MS/s (mega samples per 
second) served by a single analogue to digital converter, and 48 digital channels 
which could be used as either inputs or outputs. Data was acquired at a resolution 
of 0.2 CAD and was displayed and logged as one complete engine cycle, with the 
signals from the crankshaft encoder and from the camshaft sensor being utilised to 
accurately time the data with respect to engine piston TDC position. The once per 
crankshaft rotation signal from the encoder was synchronised through a solid state 
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AND logical control gate with once per camshaft rotation signal, to obtain a once 
per engine cycle reference signal. The LabVIEW program used this reference signal 
as a trigger to initiate an execution loop and start acquiring data samples for a 
single engine cycle. When the next reference signal was received, indicating the 
start of the subsequent engine cycle, the current execution loop stopped and new 
loop initiated. Additionally, the crankshaft encoder also supplied 1800 pulses per 
revolution which was used as the timing base; this meant that data samples were 
recorded every 0.2 CAD, and that 7200 samples were acquired every engine cycle. 
The following pressures were acquired (crank-resolved to 0.2 CAD) within this 
execution loop: in-cylinder pressure, air inlet pressure, air intake manifold pressure, 
exhaust gas pressure and fuel common-rail pressure. Engine geometry parameters 
were preloaded on the LabVIEW program, and were used to calculate various 
combustion characteristics (crank-resolved) in real time to allow better 
experimental control. These included: indicated mean effective pressures (IMEP), 
apparent heat release rates, time of start of combustion, time of peak heat release 
rate, cumulative heat release, total mass fraction burnt, pressure against volume 
(p-V) diagrams, global in-cylinder temperatures and entropy. The entropy and 
temperature data was used to determine the actual position of the piston TDC, 
according to the method described by Tazerout et al. (1999), since the reference 
TDC signal from the shaft encoder was not aligned with the actual piston TDC. 
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The misalignment between the two TDC positions could then be corrected by 
applying a crank angle offset between the reference trigger signal and piston TDC. 
Low pass filters could also be optionally applied to the acquired data to remove 
noise on the signals due to electrical interference from other equipment in the test 
cell. An ensemble average of the acquired raw data and of the processed combustion 
characteristics could be obtained and logged for a pre-set number of engine cycles. 
The LabVIEW program created a date stamped folder when it was started, and 
the logged files were stored in the folder in a sequential manner. A second execution 
loop consisted of a counter which measured the time between successive TDC 
reference signals to calculate engine speed. A third execution loop used the digital 
output channels of the NI DAQ card to send OPEN (5 V) or CLOSE (0 V) signals 
to electromagnetic solenoid valves (via solid state relays) installed at the access 
points of a dilution tunnel, which is part of the in-cylinder sampling system (as 
described in Section 3.7). Figure 3.14 and Figure 3.16 show PC screenshots of the 
NI LabVIEW program. 
A second low speed data acquisition card, NI PCIe-6323, was used which was 
capable of sampling data at a rate of 250 kS/s (kilo samples per second) and had 
16 differential analogue input channels, as well as 4 analogue output channels. This 
card (along with a dedicated NI LabVIEW program) was used to acquire 
temperature data and air flow rate readings. As this data varied relatively slowly 
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(as compared to the pressure data), there was no need have synchronization with 
the engine cycle and the data acquisition rate was fixed at a 1000 Hz. The collected 
temperature data was averaged and displayed every 100 samples, thus giving an 
apparent sampling frequency of 1 sample per second. This was done to reduce the 
effect of electronic noise on the thermocouple signal and reduce the amount of 
recorded data to a reasonable level. Audible and visual alarms were also configured 
in the LabVIEW program in case of significant deviation of temperatures from their 
expected (pre-set) values. The volumetric and mass flow rates of the intake air were 
also displayed in real-time, with the pressure and temperature readings at the air 
inlet used to calculate mass flow rate values. 
Figure 3.14: Screenshot of NI LabVIEW program showing pressure traces and other 
engine parameters 
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Figure 3.16: Screenshot of NI LabVIEW program showing heat release trace other 
combustion characteristics 
Figure 3.16: Screenshot of NI LabVIEW program showing the various temperature 
readings as well as the PID controls for the proportional solenoid valves 
Chapter 3                                  3.6 Instrumentation and data 
acquisition systems 
     
125 
  
The analogue output channel of the NI PCIe- -
signal to the electromagnetic solenoid of the in-cylinder sampling valve (via a relay). 
The charging duration of supplied current to the solenoid of the sampling valve 
-
in-cylinder sampling valve and its control system will be described in detailed in 
Section 3.7. 
A NI USB-6009 card with two analogue output channels (0  5 V) was used to set 
voltages for two proportional solenoid valves which controlled the water flow rate 
for the fuel cooler (Section 3.2) and for the supercharger intercooler (Section 3.3). 
A PID control system program was written in NI LabVIEW for this purpose, and 
the output signals from the USB-6009 card were passed through a solid state 
amplifier, since the operating voltage of the proportional valve was higher (0  24 
V) than the maximum voltage output from the card. 
 Control and monitoring of MFCs 
The gas mass flow controllers used to control the flow rate of gases (such as H2 and 
CH4) into the engine. They were controlled and monitored using a combination of 
NI VISA drivers (which allow RS232 input signals to be read in LabVIEW) and 
suite of add-ins specially developed by Bronkhorst for use in the LabVIEW 
environment. Using these tools, a comprehensive program was developed by the 
author, which not only allowed the user to remotely set the gas flow rate through 
the MFC (by sending a signal to the proportional solenoid valve which controls the 
Chapter 3                                  3.6 Instrumentation and data 
acquisition systems 
     
126 
  
orifice size), but also monitor the actual flow rate in real time (from the thermal 
sensor as described in Section 3.4). Additionally, the program allowed the user to 
select the calibration curve for a specific gas to be used in the MFC, as well as 
choose the most appropriate range within the operating limits of the MFC. A stop 
switch was configured within the program which immediately reset all the MFCs 
to their closed (zero flow) position if the gas flow rates went above pre-set values. 
A substantial amount of work for this thesis involved utilising more than one MFC 
at a time in order to feed gas mixtures into the engine. Furthermore, the test 
procedure was designed to vary the flow rate of the gas mixture (and keep the 
mixture composition constant) to achieve certain engine loads (IMEP). Controlling 
all three MFCs individually to attain a specific IMEP, while at the same time 
maintaining a constant mixture composition, was considered an inefficient and 
uneconomical way of conducting tests. Therefore, the LabVIEW program was 
Figure 3.17: Screenshot of the MFC control and monitoring NI LabVIEW program 
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further configured to optionally link the signal outputs (which control the orifice 
size) of two or more MFCs. The required percentage composition of the gas mixture 
and the flow rate through one of the MFCs has to be fed into the program, and the 
flow rates of other linked MFCs are be adjusted automatically based on the mixture 
ratios. A screenshot of the described program can be seen in Figure 3.17. 
 Exhaust analyser data acquisition 
In order to read in the data generated by the gas analyser rack (Horiba MEXA 
9100HEGR) into a PC, a GPIB to USB module (NI GPIB-USB-HS) was used. A 
LabVIEW program was developed by the author, using NI GPIB drivers, which 
allowed real-time monitoring and logging of the emissions data generated by the 
analysers. A screenshot of the LabVIEW emissions program is shown in Figure 3.18. 
 
Figure 3.18: Screenshot of the NI LabVIEW emissions monitoring program 
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The particulate spectrometer (Cambustion DMS500) was controlled using a 
dedicated PC interface program supplied by Cambustion (DMS User Interface 
V4.10). The program allowed the user to switch the instrument ON and OFF, warm 
up the instrument prior to use, set the sample flow to OPEN or CLOSE, clean the 
instrument with compressed air after use, set the gain for the data being acquired, 
change the temperatures and dilution ratios of the different components in the 
instrument and record the acquired data. Additionally, the program also displayed 
the size distribution of the particles in real-time and the level of saturation of the 
particle detector (allowing the user to vary the dilution ratios to achieve optimum 
saturation). A screenshot of the Cambustion PC interface program is shown in 
Figure 3.19. 
 
 
Figure 3.19: Screenshot of the Cambustion DMS500 particle spectrometer PC interface 
program 
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 In-cylinder gas sampling valve system 
A fairly high resolution gas sampling system to analyse engine in-cylinder gas 
composition would help enhance our understanding of in-cylinder processes that 
fuels. This section describes in detail, the development of a novel in-cylinder gas 
sampling system consisting of an intermittent, timed, high-speed, 
electromagnetically actuated, poppet-type sampling valve and a heated dilution 
tunnel. The sampling valve was extensively bench-tested for repeatability and 
durability, and to calibrate the valve at optimum operating conditions. 
The in-cylinder sampling system (the sampling valve and the dilution tunnel) 
described in this section was developed to make the extraction and analysis of 
engine in-cylinder gas samples more efficient and accurate. In previous work done 
by investigators (Kittelson et al. 1988; Zhao et al. 1996; Nowak et al. 2008), the 
engine in-cylinder gas sample was collected in a bag, requiring a  significant volume 
of sample to be collected (approx. 10 litres) so as to achieve steady readings from 
typical gas analysers. Since the volume of sample extracted from the cylinder every 
engine cycle is relatively small (approx. 4-6 cm3)(Zhao et al. 1996), filling a bag 
with sufficient volume can take considerable time. Furthermore, in the time interval 
between filling up a bag and analysing the collected gas sample, the sample cools 
down to room temperature, causing condensation of high boiling point species in 
the sample. In the current design described in this thesis, the gas sample was kept 
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at about 200°C from the point at which the sample was extracted from the cylinder 
to point at which the sample entered the analysers. The dilution tunnel system also 
allows gas composition analysis data to be obtained faster than with the use of a 
bag, as no buffer time is needed to collect the gas sample and the gas sample flows 
directly from the sampling valve to the analysers. 
 Sampling valve tip 
Gas sampling valves can be broadly categorised in terms of the type of valve tip 
used. The most commonly used type of valve openings are the outward opening 
poppet-type valve and the inward opening needle-type valves. The gas sampling 
valve used in the present study has a poppet-type opening at the valve tip. In a 
poppet-type valve, the poppet is firmly seated in its seat due to the force provided 
by a pre-compressed return spring, with the in-cylinder gas pressure acting on the 
valve face providing an additional force and improving the seal at the valve inlet. 
An actuation mechanism pushes open the poppet valve, allowing gas to flow from 
the cylinder into the valve. Conversely, needle-type valves use the in-cylinder gas 
Figure 3.20: Simplified diagram of the in-cylinder sampling valve showing the gas flow from 
within the cylinder to the sample outlet port 
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pressure to push the valve open against the return spring force (Zhao & 
Ladommatos 2001); the force provided by the return spring must be sufficient to 
keep the needle-valve firmly shut against the high pressures of the combustion 
chamber. Both valves possess relative advantage and disadvantage; crevices in the 
sampling valve are avoidable in poppet-type valves as they can be machined flush 
with the combustion chamber surface, something which is not possible entirely in 
a needle-type valve (Zhao et al. 1996). However, needle-type valves have smaller 
tip diameters (Bennethum et al. 1975; Ozasa et al. 1991; Kato et al. 1997) compared 
to poppet-type valves (Withrow et al. 1930; Zhao et al. 1996), an advantage where 
access to the combustion chamber is difficult. A smaller tip diameter is also less 
likely to interfere with the gas flow inside the combustion chamber. 
 Valve actuation system 
In a poppet-type valve, the actuation force required to open the valve must be 
sufficient to counter, and overcome the in-cylinder gas pressure and the compression 
force of the return spring. Most early examples of in-cylinder sampling valves were 
mechanically actuated by linkages using pushrods and rockers, driven by the engine 
crankshaft or camshaft (Lovell et al. 1927; Withrow et al. 1930; Egerton et al. 1935; 
Donahue & Kent 1950; Taylor & Rogowski 1954). Hydraulic actuation systems 
were also utilised in several investigations (LoRusso et al. 1980; LoRusso et al. 1984; 
Duggal et al. 1978; Zvonow 1968; Bäcker et al. 1997) as they are relatively space 
efficient, can provide forces sufficient to open the valve, are precisely controllable 
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and have a short response time (between 0.8 to 2 ms). In particular, the work done 
by LoRusso et al. (1980;1984) using the electro-hydraulic gas sampling valve led to 
new insight regarding unburned hydrocarbon emissions from the quench layer of 
cylinder walls in SI engines. However, the setup of hydraulic actuation systems 
tends to be more complicated than other actuation methods (Zhao & Ladommatos 
2001).  
An electromagnetic actuation mechanism was employed in the gas sampling valve 
presented in this study. In an electromagnetically actuated poppet-type sampling 
valve (Figure 3.20), as soon as current is supplied to the electromagnet solenoid, 
the magnetic flux build up in the solenoid causes the armature to move, thereby 
opening the valve. In order to ensure a very short opening interval of the sampling 
valve, a large electromagnetic traction force and high armature acceleration are 
required. The traction force can be increased by increasing the thickness of the 
armature allowing it to build up a greater amount of magnetic flux; however, this 
increases the weight of the armature and therefore lowers armature acceleration 
(Seilly 1981). Kajima & Kawamura (1995) investigated this trade-off and 
established that the magnetic flux does not have time to penetrate deeply due to 
the transient operation of the electromagnet and, therefore, the armature thickness 
could be reduced without significantly affecting the performance of the solenoid. 
For the sampling valve design described in this study, the centre volume of the 
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armature was bored out to carry the hardened end of the armature shaft.  To assist 
the rapid build-up of magnetic flux and provide a faster valve response, 
investigators have suggested reducing the number of winding turns on the 
electromagnet coil to reduce self-inductance (Kajima & Kawamura 1995) and 
slitting the armature to minimize eddy currents (Ohdachi et al. 1991). However, 
these techniques were not used in the current design, as the armature also acted as 
the actuating shaft and slitting it would have introduced further design 
complications. Ohdachi et al. (1991) reported a considerable improvement in 
armature acceleration with increasing voltage supplied to the electromagnet, 
attributable to significantly increased initial flux accumulation in the armature. It 
should be noted, however, that the maximum voltage that can be supplied to the 
electromagnet is limited by the dielectric strength of the winding insulation, 
magnetic saturation and overheating of the coil (Zhao & Ladommatos 2001). For 
the design described in this study, since the electromagnet was switched on for a 
m  ( ≈ 10% of on+off  period), it 
was possible to supply voltages considerably higher (up to 100 V) than the 
continuous voltage rating of the coil (24V).  
While an electromagnet actuation system can be controlled with great flexibility, 
the response of typical electromagnets is slow (Zhao & Ladommatos 2001), as time 
is required for the build-up of magnetic flux in the coil. To overcome this issue, the 
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sampling valve design described in this study 
where the armature is not rigidly joined to the valve stem (Figure 3.20), as first 
described by Yates (1988) and successfully implemented by several other 
investigators (Egerton et al. 1935; Whitehouse et al. 1977; Zhao et al. 1996). In the 
current design a small gap, of about 3-4 mm, existed between the striker of the 
armature and the anvil of the valve stem (Figure 3.20). When switched on, the 
electromagnet caused the armature to accelerate and travel at high speed towards 
the valve stem and impact the stem, imparting a large enough force to open the 
poppet valve very briefly. The compressive force of the return spring shut the valve 
after the impact and a second armature spring returned the armature and striker 
back to the initial position. An important characteristic of the percussion type 
sampling valve is that because the valve has be to open for only a very brief period 
of the engine cycle, the electromagnet can be switched on well before the valve is 
required to be opened, so that a sufficient amount of flux can build up in the 
electromagnet. The armature-striker can travel across the gap gaining speed, and 
building up a substantial amount of kinetic energy, before striking the valve stem. 
Therefore a strong compressive force of the return spring can be overcome by a 
relatively small electromagnet size, improving acceleration of the valve stem (Zhao 
& Ladommatos 2001). 
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An importa
armature return spring (Figure 3.20) should be able to rapidly withdraw the 
armature away from the valve stem and anvil. This is so as to prevent collision 
between the anvil and the striker which could delay the poppet valve closing. Zhao 
et al. (1996) discussed this in great detail and concluded that subsequent collisions 
were difficult to avoid due to the following reasons. First, the natural frequency of 
valve return spring is greater than the armature return spring. Values of 35 Hz for 
the valve return spring and 10 Hz for the armature return spring were calculated 
for the sampling valve described in this study. This is because the valve return 
spring constant has to be quite large to ensure proper sealing at the seat. Secondly, 
the armature spring constant has to be kept low so as not to significantly impede 
the momentum being gained by the armature as it moves to strike open the valve. 
For the sampling valve in the present study, high-speed imaging was performed to 
monitor the collisions between the armature-striker and the anvil of valve stem. It 
was observed that, even though the anvil collided with the striker during valve 
closure, the striker was pushed out of the way by the valve stem due to the high 
in-cylinder pressures acting on the face of the valve and thus it did not appear to 
obstruct the closure of the poppet valve significantly. 
For the current design, extensive bench tests were conducted with the sampling 
valve using valve stem springs of various stiffnesses, with a wide range of voltages 
Chapter 3                                  3.7 In-cylinder gas sampling valve 
system 
     
136 
  
and voltage durations being applied to the electromagnet. A number of valve 
parameters such as the maximum valve lift, the valve open duration and the flow 
rate through the valve opening were monitored. Figure 3.21 shows the valve lift 
duration and gas flow rate through the valve when the sampling valve was operated 
at a frequency of 10 Hz (representative of 1200 rpm engine speed, with every 
successive engine cycle being sampled), with a constant air pressure of 40 bar being 
applied to the valve face. 
 
 Construction materials 
The outer body of the sampling valve tip, including the annulus casing, and the 
striker were manufactured from stainless steel (grade 304) (also utilized in  several 
previous investigations (Duggal et al. 1978; Matsui et al. 1979; Zhao et al. 1996)) 
due to its generally non-corrosive properties, and high oxidation and thermal 
resistance (Zhao & Ladommatos 2001). The valve poppet was machined from silver-
steel while copper was used to form the valve seat. Repeated impacts by the silver-
Figure 3.21: Valve lift duration and gas flow rate through the valve of the gas sampling 
valve at 10Hz operating frequency and 40 bar air pressure on the valve face 
Chapter 3                                  3.7 In-cylinder gas sampling valve 
system 
     
137 
  
steel poppet onto a square-edged copper seat allowed the poppet to hammer a 
bespoke seat matched to the poppet, thereby forming a good seal, as also observed 
by Zhao et al. (1996). The hot in-cylinder temperatures of a running engine (800
2000 K) assisted this process though thermal softening of the copper seat, with 
subsequent work-hardening of the copper seat resulting in a durable surface. The 
housing of the LVDT (linear variable differential transformer) proximity sensor was 
made out of a polymer material so as to isolate the sensor from any interfering 
signals from the electromagnet voltage. 
 Installation of the sampling valve in the engine head 
The sampling valve was installed in the engine head in place of one of the two inlet 
valves. The inlet valve was replaced with a dummy valve with a thread on the 
inner hollow surface; the sampling valve was screwed into this thread of the dummy 
valve.  
Figure 3.22: Schematic showing (a) plan view and (b) cross-sectional side view of the relative 
locations of the injector, the sampling valve at maximum in-cylinder penetration and the piston 
at TDC 
(a) (b) 
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An additional set of cursory tests were performed whereby the centrally located 
diesel fuel injector was rotated in order to move the diesel fuel spray relative to the 
sampling valve position and investigate the transport delay in the diesel fuel 
hydrocarbons reaching the sampling valve. It was hoped that these tests would give 
a preliminary idea of the charge motion inside the combustion chamber; however, 
it was observed that the hydrocarbons reached the sampling valve at the same time, 
irrespective of the position of the diesel fuel spray relative to the valve. It is 
therefore speculatively suggested that the swirl rate has decreased significantly due 
to the removal of one of the intake valves. It could be expected that a reduction in 
swirl might create asymmetrical charge motion inside the combustion chamber, 
leading to reduced combustion efficiency and increased unburned hydrocarbon and 
particulate emissions. However, a reduction in peak hydrocarbon concentration was 
observed with increasing distance between the spray and the valve, suggesting 
dispersion of the diesel spray to have taken place despite the reduction in swirl 
rates. 
The sampling valve tip penetration into the combustion chamber could be varied 
from 0 mm (flush with the engine head) to a maximum penetration of 9 mm. To 
maximum penetration, a small part of the piston at the edge of the bowl was cut 
out. Figure 3.22 shows the relative positions of the piston bowl cut-out, the diesel 
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injector and the sampling valve inside the engine head with respect to the piston 
position at TDC. 
 Shape and volume of an engine in-cylinder gas sample 
The shape and volume of the in-cylinder gas sampling region are important factors 
that determine the spatial resolution of the sampling valve. Through their 
investigations on gas sampling valves, Zhao & Ladommatos (2001) concluded that, 
although theoretically at the inlet of a poppet-type sampling valve, the gas sample 
could attain a roughly spherical shape, due to distortion as a result of fluid friction 
at the chamber wall and the presence of a boundary layer, the gas sampling region 
tends towards a hemispherical shape as shown in Figure 3.23. 
Weiss & Keck (1981) carried out a two-dimensional numerical analysis on the 
hemispherical shape of a gas sample volume around the inlet of a poppet-type 
sampling valve, which was extended by Zhao & Ladommatos (2001) to three-
dimensional hemispherical shapes. The volume of a sample shape attaining a 
Figure 3.23: Actual sample volume shape at inlet of a poppet-type sampling valve (Zhao & 
Ladommatos 2001) 
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C,H, and assuming axial symmetry about the axes 
of the hemisphere, is approximately given by, 
 
𝛥𝑉𝐶,𝐻 =
𝑃𝑂
𝑃𝐶
𝑇𝐶
𝑇𝑂
𝑉𝑂
60𝑛
𝑁
 (3.12) 
where  
VO = volume flow rate from sample valve at atmospheric pressure PO and 
temperature TO  
N = engine revolutions per minute 
n = number of engine revolutions per cycle (2 for four-stroke and 1 for two-stroke 
engine) 
TC = engine cylinder gas temperature 
PC = engine cylinder gas pressure 
 
Table 3.2: Estimates of the gas sample flow rates and volumes for different sampling conditions 
at an engine speed of 1200 rpm 
Table 3.2 shows the three sampling windows in the engine cycle at which gas 
samples were extracted from the engine and the corresponding engine operating 
conditions. The above equation (Equation 3.4) was used to calculate the 
approximate values of the volume of the gas sampling regions and the flow rates 
through the valve at various operating conditions for the sampling valve reported 
here (Table 3.2). It can be seen from Table 3.2 that the volume occupied by the 
Sampling 
timing 
(CAD 
ATDC) 
Duration 
of  
sampling 
window                   
(CAD) 
[msec] 
Cylinder 
gas  
pressure    
(bar) 
Cylinder 
gas temp. 
(K) 
Sample 
flow 
rate at 
atmos. 
P and T 
(cm3/ 
sec) 
Sample 
volume/ 
cycle at 
atmos. 
P and T 
(cm3/ 
cycle) 
Sample 
volume/ 
cycle at 
cylinder 
P and T 
(cm3/ 
cycle) 
10 6 [0.83] 64 1250 67 6.7 0.44 
25 10 [1.4] 33 1200 33 3.3 0.40 
40 15 [2.1] 16 1000 17 1.7 0.35 
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gas sample per cycle at cylinder conditions does not vary as significantly as the gas 
sample volume per cycle at atmospheric conditions. This is because at relatively 
lower cylinder pressures, both the mass flow rate and density of the sample 
decreases which results in a less pronounced change in sample volume at in-cylinder 
conditions.  
Based on the work done by Zhao & Ladommatos (2001), an indicative value of the 
boundary layer thickness, δ, can be estimated from, 
 𝛿 = (𝑣 × 𝑡𝑣 )
1 2⁄  (3.13) 
can be assumed to have a value of 3.5x10-4 m2/s (Zhao & Ladommatos 2001) and 
an average value of 1.5 ms (from Table 3.2) can be used for the sampling period, 
tv. Hence an approximate value of 0.72 mm is evaluated for the boundary layer 
thickness. As per the analysis on cylinder gas sample volumes performed by Zhao 
& Ladommatos (2001), sample volumes between 0.35  0.44 cm3 (from Table 3.2) 
should extend to a maximum distance of more than 5 mm from the valve inlet (at 
in-cylinder conditions), which is well beyond the calculated boundary layer 
thickness. It is important that the sample collected extends beyond the boundary 
layer thickness so as to ensure that the gas sample collected is from the reaction 
zone. The gas sample being extracted from the cylinder should also not have an 
excessively large volume to ensure minimum interference with the progress of 
combustion and pollutants formation (Zhao et al. 1996). With regards to 
experimental setup being discussed in this study, a gas sample of volume 0.4 cm3 
represents about 1.5% of the combustion chamber volume at TDC for the 0.5 
Chapter 3                                  3.7 In-cylinder gas sampling valve 
system 
     
142 
  
litre/cylinder compression-ignition engine used in this study, which reduces to 
negligible levels as a percentage as the expansion stroke progresses. 
 Dilution tunnel 
The in-cylinder gas samples extracted by the sampling valve were passed to a 
heated dilution tunnel, also designed and built in-house. Figure 3.24 shows, in 
schematic form, the gas flows in and out of the dilution tunnel. The purpose of the 
heated dilution tunnel was to buffer the gas samples and mix them with heated 
nitrogen gas (at 180°C, using a 750 W in-line heater) to increase the volume of the 
sample sufficiently for measurement by the gaseous emission analyser rack (Horiba 
MEXA-9100 HEGR  incorporating the CO, CO2, NOx and THC analysers). The 
flow rate of nitrogen gas was controlled and measured using a mass flow meter 
(MASSVIEW MV-306) and the gas entered the tunnel through several small holes 
of diameter 1 mm each to increase turbulence and promote mixing of the gas sample 
with the nitrogen gas. The dilution tunnel was maintained at a temperature of 
200°C using six PID controlled band heaters (each with a power rating of 105 W), 
in order to prevent condensation of low boiling point species in the gas sample. 
Electromagnetic solenoid valves were placed at various access points of the tunnel 
and could be remotely controlled using a computer interface developed in the NI 
LabVIEW environment (Figure 3.25), controlling the various gas flows in and out 
of the tunnel. 
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The mass ratio of the undiluted to the diluted in-cylinder gas sample was calculated 
by means of measured molar concentrations of CO2 in the undiluted and diluted 
gas sample. These two levels of CO2 were measured using the following procedure. 
The undiluted gas sample was first fed into a stand-alone CO2 analyser, which 
required much lower flow rates of sample. The N2 supply to the tunnel was then 
switched on so as to dilute the in-cylinder gas sample stream, and the diluted gas 
sample stream was then passed to the emissions analyser rack (Horiba MEXA-9100 
HEGR) to obtain the in-cylinder gas composition, including the diluted CO2 
measurement.  
The particulate spectrometer (DMS500) was supplied with the gas samples via 
another access port in the dilution tunnel (Figure 3.24), without the need for 
Figure 3.24: Schematic of the heated dilution tunnel with the various 
gas access points (Length of tunnel  950 mm, Diameter of tunnel  28 
mm) 
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dilution (the N2 supply to the tunnel was switched off) as the particulate analyser 
featured an in-built dilution system. 
 Control and monitoring system for the sampling valve 
The timing and opening duration of the in-cylinder sampling valve was controlled 
via a National Instruments (NI) data acquisition (DAQ) card with analogue signal 
output capabilities (NI PCIe-6323, as described in Section 3.6.2), utilising a custom-
made NI LabVIEW software control and acquisition program. The trigger output 
signal to the electromagnet was referenced to the engine crankshaft encoder (which 
provided synchronisation pulses to the DAQ card at a resolution of 0.2 CAD) so 
that the sampling valve could be opened at any desired crank angle within the 
Figure 3.25: Screenshot of the NI LabVIEW program to control solenoid valves 
installed on dilution tunnel 
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engine cycle. At the appropriate, preselected crank angle, the trigger signal was 
sent from the DAQ card to a fast-acting relay circuit which switched on current 
from an adjustable power supply (0-120 V DC) to the sampling valve electromagnet. 
The trigger signal to the electromagnet was switched on for a preselected time 
duration (defined in CAD) after which the power to the electromagnet ceased. 
The poppet valve lift (of order 0-0.3 mm) was monitored with a sensitive LVDT 
proximity sensor (Kaman 1U1), installed so as to sense the displacement of the 
stem of the sampling valve (Figure 3.20). The signal from the proximity sensor was 
received by the DAQ card and referenced with the crankshaft encoder so as to 
continuously monitor the valve motion in real-time. Figure 3.26 shows a typical 
valve lift trace obtained from the proximity sensor. It was assumed that the poppet 
valve opened when the lift was greater than 0.05 mm with the software detecting 
and displaying the CAD values at which the valve lift trace rose above 0.05 mm 
and fell below this level again. The difference between these two CAD values gave 
the valve opening duration and the average of the two CAD values was taken to 
be the sampling timing (as shown in Table 3.2) in CAD in the engine cycle. The 
valve lift trace along with the relevant CAD values was refreshed every engine cycle. 
Figure 3.27 shows a simplified flow diagram of the control and monitoring system 
of the electromagnetic sampling valve. 
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It is important to note that the poppet valve did not open instantaneously on 
supply of voltage to the electromagnet. A finite period of time was required for 
sufficient build-up of electromagnetic flux in the electromagnet coil of the sampling 
valve to overcome the opposing self-inductance of the electromagnet and the 
mechanical inertia of the moving parts of the valve (armature and valve stem). For 
closure of the poppet valve a small finite period of time was again required for the 
flux to collapse against the opposing self-inductance of the electromagnet. It was 
therefore necessary to switch on and switch off the power to the electromagnet 
several crank angle degrees ahead of the timing at which the poppet valve was 
physically required to start opening and closing respectively, as shown in Figure 
3.26. Similar observations have been made by several other investigators (Zhao & 
Ladommatos 2001; Nowak et al. 2008). The time delay required between the 
commencement of power supply to the electromagnet and the physical movement 
of the valve depends on several factors, such as the engine cylinder pressure and 
can be difficult to predict. Therefore it was necessary to have a fast and independent 
(of the valve actuation system) valve motion monitoring system, such as the LVDT 
system described above, which can sense the physical movement of the valve and 
display it in real-time to the valve operator. 
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In order to decrease variability in the valve opening and closing instants (CAD) 
between consecutive engine cycles, the poppet valve was opened once every three 
engine cycles, instead of opening it every engine cycle (a technique known as skip-
cycle sampling (Zhao & Ladommatos 2001)). Table 3.3 shows that  opening the 
valve once every three engine cycles instead of every engine cycle reduced the 
standard deviation of the valve opening instant (CAD) by almost 60%. It was 
speculated that the O-rings in the moving parts of the sampling valve did not have 
sufficient time to decompress fully between engine cycles, when opening the valve 
on every combustion cycle, leading to inconsistent valve operation from one engine 
cycle to the next. 
 
 
 
 
Figure 3.26: Crank angle resolved supply voltage and valve lift 
trace. A  poppet valve opening time delay, B  valve sampling 
duration 
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Engine 
speed 
(rpm) 
Valve 
opened once 
per 'n' cycles 
Valve 
opening 
instant          
(CAD) 
Valve 
opening 
st.dev.               
(CAD) 
Valve 
closing 
instant          
(CAD) 
Valve 
closing 
st.dev.               
(CAD) 
1200 1 338 ± 2.03 345 ± 2.07 
1200 2 341 ± 1.71 348 ± 1.74 
1200 3 342 ± 0.85 347 ± 0.86 
Table 3.3: Standard deviation (st.dev.) in the valve opening and closing instants (CAD) at 
different valve operating parameters 
 
 
  
 
 
 
 
 
 
Figure 3.27: Control and monitoring system of the sampling valve 
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 Verification of dilution ratio results with sample bag 
 
In order to verify the accuracy of the calculated diluted-to-undiluted gas sample 
mass ratio (as described in Section 3.7.6), the undiluted in-cylinder gas samples 
were separately collected in a PTFE sample bag, which was then connected to the 
emissions analysers for direct measurement of sample gas composition. This was 
performed at four different crank angle instants in the engine cycle and Figure 3.28 
shows the results for the CO2, CO and NOx concentrations from these 2 methods 
at discrete CAD; the figure also shows the emission levels measured in the engine 
exhaust gas. Figure 3.28 shows that at each of the four different sampling instants 
(CAD), the in-cylinder CO2 and CO levels obtained using the nitrogen dilution 
Figure 3.28: Comparison of in-cylinder gas sample composition obtained using the dilution tunnel 
and sample bag, as well as exhaust emissions for (a) CO2, (b) CO and (c) NOx 
(c) 
(a) (b) 
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method are very similar to those in the undiluted in-cylinder gas collected in the 
sample bag. Moreover, both the CO2 and CO levels in the gas sample extracted at 
about 130 CAD ATDC (well into the expansion stroke and just before the opening 
of the exhaust valve) are very similar to CO2 and CO emission levels measured 
directly in the exhaust gas of the engine. However, when comparing the NOx levels 
obtained using the nitrogen dilution method to those in the gas collected in the 
sample bag, except for gas samples collected at 10 CAD ATDC, there seems to be 
an offset in the two values, with the NOx levels in the gas collected in the sample 
bag being consistently lower (Figure 3.28). It was speculated that this may be due 
to some of the NOx dissolving and reacting with water vapour in the sample bag 
during the interval between filling up the bag with sufficient sample and measuring 
the bag composition. Some additional cursory tests were performed whereby the 
bag filled with the gas sample was left for different lengths of time prior to 
measuring NOx, and it was observed that NOx levels decreased with increasing 
lengths of time prior to analysis. 
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 High pressure low volume fuel system (HPLVFS) 
One of the objectives at the beginning of this research project was to investigate 
the in-cylinder combustion of alternative, low-
the insight provided by the gas sampling system. In some instances, these potential 
prototype fuels were not readily available from commercial chemical suppliers, and 
had to be specially synthesised. This increased the costs of these types of liquid 
fuels, and since several litres are required to fill a conventional common-rail fuel 
system, purchasing these fuels in sufficiently large quantities was not considered to 
be economically viable. Furthermore, some of these liquid fuels possessed physical 
properties which were not compatible with the common rail fuel system, such as 
low lubricity which can be detrimental for the fuel pump or cause erosion of the 
elastomers in the fuel system. Emptying the fuel system between tests, when 
changing fuels, would also have entailed wasting large quantities of fuel. These 
problems were initially encountered by Schönborn (2009) who developed a special 
low volume fuel delivery system, the design of which was further innovated by 
(Hellier 2013). Therefore, to be able to test these potential liquid fuels, a special 
fuel delivery system was designed for this project. However, after the system had 
been designed and manufactured, the direction of the project changed to focus more 
on gaseous fuel mixtures, and thus this fuel delivery system was not utilised in this 
project. It was decided to include the current section as a means of guidance for 
the design of high pressure fuel delivery systems.  
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The concept of the special fuel delivery system was to utilise the conventional 
common rail fuel system to pressurise diesel fuel, which would then act as a 
hydraulic fluid and create pressure in the test fuel (as shown in Figure 3.29). The 
design consisted of a stainless steel cylindrical vessel with capped ends and a free 
moving piston, which divided the vessel into two chambers. One chamber was 
connected directly to the high pressure fuel pump and common rail setup and was 
filled with high pressure diesel fuel from the common rail, while the other chamber 
was filled with test fuel and was connected to the diesel engine fuel injector. The 
diesel fuel was pressurised to a precise level using the Emtronix control system, and 
the PRV and pressure transducer mounted on the common rail (Section 3.2). Since 
the piston was entirely free moving, the diesel fuel pressure was communicated to 
the test fuel via the piston, and therefore, the test fuel could be injected into the 
engine at the same pressure as the selected common rail pressure. O-rings installed 
on the free piston ensured no mixing of fuel between the two chambers took place. 
The Emtronix system could also be used to control the timing and duration of the 
test fuel injection event, thus allowing complete control of all the injection 
parameters (as would be when using the conventional fuel injection system), but at 
the same time bypassing the need for the test fuel to flow through the conventional 
fuel injection system. The primary innovation in the low volume fuel system by 
Hellier (2013) was the introduction of a second free moving piston in the cylinder. 
Chapter 3                                  3.8 High pressure low volume fuel 
system (HPLVFS) 
     
153 
  
This allowed complete separation of the diesel fuel and test fuel circuits, even when 
changing fuels between tests, when the piston on the test fuel side could be 
completely ejected from the system for cleaning without breaking into the diesel 
fuel circuit. 
The maximum volume of test fuel that could be filled in the special fuel system 
developed by Schönborn (2009) and Hellier (2013) was 100 ml and 250 ml, 
respectively. It was realized that when conducting in-cylinder investigations, 
relatively large volumes of fuel would be required so as to prevent frequent engine 
stops during experiments to refill the fuel system. Additionally, in the previous 
design by Hellier (2013), port holes were machined along the path of piston 
movement (in the wall of the central cylinder) to allow the passage of compressed 
air and fuel in and out of the pressure vessel. A disadvantage of these port holes 
was that the piston O-rings extruded into these holes as they travelled past them 
under high pressure, causing considerable abrasions to the O-rings. Keeping these 
issues in mind, a high pressure fuel system was designed and commissioned which 
could accommodate up to 1000 ml (1 litre) of test fuel and deliver up to 2000 bar 
injection pressure. A detailed description of the design procedure and of various 
features of the high pressure low volume fuel system (HPLVFS) is presented in the 
following paragraphs with reference to the schematic of the HPLVFS system shown 
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in Figure 3.29 and a cross sectional view of the assembled fuel system shown in 
Figure 3.30. 
 
Figure 3.29: Schematic showing fuel flow in the high pressure low volume fuel system 
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Diesel fuel out Diesel fuel in 
Test fuel 
out to 
injector 
 
Test fuel 
in 
Air 
in/out 
(a) 
(b) 
Figure 3.30: Cross-sectional (a) front view and (b) side view of the assembly of the high pressure 
fuel system 
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The main cylinder (Figure 3.30) of the fuel system was designed in accordance with 
British Standard 5500 (BS 5500-2012) to be able to withstand hoop stresses 
generated by a radial pressure of 2000 bar at a temperature of 150°C or higher. The 
c  
 
𝑒𝑐 =
𝑅𝑎𝑑𝑖𝑎𝑙 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 × 𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 𝑏𝑜𝑟𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟
(2 × 𝑛𝑜𝑚𝑖𝑛𝑎𝑙 𝑑𝑒𝑠𝑖𝑔𝑛 𝑠𝑡𝑟𝑒𝑠𝑠) − 𝑅𝑎𝑑𝑖𝑎𝑙 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒
 (3.14) 
and, 
𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝑑𝑒𝑠𝑖𝑔𝑛 𝑠𝑡𝑟𝑒𝑠𝑠
=
𝑇𝑒𝑛𝑠𝑖𝑙𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑓𝑜𝑟 𝑠𝑡𝑎𝑖𝑛𝑙𝑒𝑠𝑠 𝑠𝑡𝑒𝑒𝑙 (𝐺𝑟𝑎𝑑𝑒 316)
𝑠𝑎𝑓𝑒𝑡𝑦 𝑓𝑎𝑐𝑡𝑜𝑟 (= 2.5)
 
(3.15) 
The maximum hoop stress acting on the bore of the main cylinder was calculated 
using Equation 3.8, and was found to be considerably lower than the nominal design 
stress, 
𝑀𝑎𝑥𝑖𝑚𝑢𝑚 ℎ𝑜𝑜𝑝 𝑠𝑡𝑟𝑒𝑠𝑠 =
𝑅𝑎𝑑𝑖𝑎𝑙 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 × 𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 𝑏𝑜𝑟𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟
𝑤𝑎𝑙𝑙 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 (𝑒𝑐)
 (3.16) 
The main cylinder was closed off at both sides using end plates (Figure 3.30), the 
thickness of which was calculated using Equation 3.9 obtained from BS 5500-2012. 
As can be seen from Figure 3.30, the end plate on the test fuel side has two narrow 
openings (2 mm diameter) for the flow of test fuel and air. These had to be taken 
into account when calculating the thickness of the end plates (eP). 
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𝑒𝑃 = 𝐶 × 𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 𝑏𝑜𝑟𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 × (
𝑅𝑎𝑑𝑖𝑎𝑙 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒
𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝑑𝑒𝑠𝑖𝑔𝑛 𝑠𝑡𝑟𝑒𝑠𝑠
)
1 2⁄
× 𝑌2 (3.17) 
where, 
C = 0.41 (from BS5500-2012), 
Y2 = parameters for end plates with openings, calculated using, 
 
𝑌2 = (
𝐶𝑦𝑙𝑖𝑛𝑑𝑒𝑟 𝑏𝑜𝑟𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟
𝐶𝑦𝑙𝑖𝑛𝑑𝑒𝑟 𝑏𝑜𝑟𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 − 𝑂𝑝𝑒𝑛𝑖𝑛𝑔 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟
)
1 2⁄
 (3.18) 
The end plates were secured to the main cylinder using fourteen M16 outer nominal 
diameter bolts as can be seen in the side view in Figure 3.30 (b). The bolts used 
were of Grade 12.9 as they exhibit much higher tensile strengths (1220 MPa) 
compared to bolts of lower grades (Grade 8.8  800 MPa). To select the bolt 
diameter and the number of bolts, calculations were carried out taking into account 
the force exerted on the end plate the internal cylinder pressure, the proof load 
capability of the bolts and the total area of contact between the bolt and cylinder 
threads. The area of contact between the roots of the threads had to be sufficient 
to be able to withstand the maximum internal cylinder pressure of vessel. 
Viton O-rings were utilised to seal against high pressures in the vessel. O-rings were 
installed on the piston to prevent fuels from the two sides (diesel and test fuel) 
from mixing. Three equidistance O-rings were used on the piston to prevent the 
occurrence of scoring due to skewing of the piston.  O-rings were also placed in 
between the cylinder and the end caps to stop leakages and to enable build up of 
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pressure inside the vessel. The O-rings were selected and their housings designed 
based on the recommendations provided by British Standards (BS 3601-1 and 3601-
2). The design of the housings varied based on whether the O-rings were installed 
axially or radially, and whether they were used in static or dynamics applications. 
The O-ring used between the cylinder and the end plate is an example of an axial 
static application, while the O-rings on the piston were radially installed and under 
dynamic conditions. The British Standards defined recommended ranges for certain 
parameters of the O-rings and their housings to avoid any detrimental effects on 
the sealing performance. These included: the degree of stretch of the nominal inside 
diameter of the O-ring when it is installed in its housing, the reduction in the cross-
sectional area of the O-ring due to it being stretched and flattened in its housing 
when in use, and the maximum groove fill of the O-ring to allow for thermal 
expansion, volume swell due to O-ring fluid exposure and tolerance effects. 
Additionally, care had to be taken that the edges of groove of the housing were 
rounded off and lead-in chamfers made to eliminate possible sources of O-ring 
damage and seal failure. 
Machined into the test fuel side end plate and the walls of the main cylinder were 
five ports that allowed the passage of fuel and air in and out of the system, as can 
be seen in Figure 3.30. The holes in the wall of the main cylinder were drilled at an 
angle in such a way that they opened up on the chamfered edges at the two ends 
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of the bore of the cylinder (Figure 3.30 (a)). The holes were not placed along the 
inner wall of the cylinder bore in order to avoid the piston O-rings from extruding 
into these holes and getting abraded during normal operation. Custom designed 
port connectors (Figure 3.31 (a)) were used to seal these ports by using two O-rings 
radially stretched around the circumference at one end of the connector, held in 
place by a depth of thread; the O-rings sealed by compressing against the inner 
wall of the port chambers (Figure 3.30). The external end of the port connectors 
was designed to interface directly with high pressure needle valves (Autoclave 
30VM4071). A special two part high pressure filter housing (Figure 3.31 (b)) was 
also designed and installed between the pressure vessel test fuel outlet port and the 
fuel injector to prevent any damage occurring to the fuel injector by debris (Figure 
3.29). The filter housing was designed to operate at pressures of up to 2000 bar and 
housed a sintered steel filter element; a filter element with a pore size of 1 µm was 
used with the fuel system. An O-ring stretched around the circumference of the 
filter element, and compressed by the filter housing, ensured that all the test fuel 
was directed through the filter. The filter housing was also sealed against internal 
pressure by two radially installed O-rings, held in place by a depth of thread and 
compressed between the two parts of the filter housing (Figure 3.31 (b)). The inlet 
and outlet of the filter housing were high pressure diesel connections (BS ISO 
2974:2005) which communicated with the high pressure valve (at the inlet) and fuel 
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injector (at the outlet). All the connecting pipes were made out of stainless steel, 
and were rated to withstand pressures of up to 2000 bar. The test fuel end cap 
additionally had a pressure transducer installed which was connected to the test 
fuel chamber via a 1.5 mm diameter hole. Preliminary tests were done to compare 
the pressure in test fuel chamber to the common-rail pressure, and a good 
agreement, of within 5 bar, was observed between the two pressures. 
At the start of a typical experiment, the piston would be pressed hard against the 
end cap on the diesel fuel side (Figure 3.30), while the chamber on the other side 
(the top chamber) would be filled with test fuel. In order to assist the high pressure 
diesel fuel from the common rail to push the piston and generate pressure in the 
test fuel, the edge of piston was chamfered. This allowed a small gap between the 
chamfered edges on the cylinder and the piston, which the pressurised diesel fuel 
could initially fill and thereby force the piston upwards, towards the test fuel side.  
(b) (a) 
Figure 3.31: Isometric view of (a) custom designed port connectors and (b) two-part high 
pressure in-line fuel filter housing 
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At the end of the experiment, when the test fuel chamber was empty, the piston 
ended being pressed against the cap on the test fuel side (Figure 3.30). If the same 
test fuel had to be refilled in the cylinder for the next set of experiments (without 
needing to clean the pressure vessel), the piston was pushed back down by feeding 
compressed gas (air or N2) via high pressure valve (HPV) 1 (Figure 3.29) into the 
pressure vessel. The test fuel was then introduced into the test fuel chamber via 
HPV 2, and any gas in the cylinder displaced through HPV 1. However, if a 
different test fuel had to be used, then it was necessary to clean the cylinder and 
replace O-rings to prevent any cross-contamination between fuels. For this purpose 
a special cap was manufactured, which was used in conjunction with spacers of 
different thicknesses, to allow the piston to be removed to different extents from 
the main cylinder, depending on whether only the top O-ring needed to be replaced 
or the entire piston had to be removed (Figure 3.32). If at the end of the test, only 
the top O-ring had to be replaced, the test fuel side end cap was removed, and 
replaced by the special end cap which had a hollow inside for the piston to occupy. 
A metal spacer and a nylon spacer were placed in the hollow; the nylon spacer was 
used to attenuate the impact between the metal piston and the metal spacer, and 
avoid denting the piston. Pressurised diesel fuel was used to partially push the 
piston into the special end cap until it made contact with the spacers, as can be 
seen in Figure 3.32 (a). The top of the piston could then be cleaned and the top 
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piston O-ring and the O-ring between the cylinder and the end cap could be 
replaced. Compressed gas (air or N2) was then used to push the piston back down, 
and the diesel fuel in the bottom chamber emptied via HPV 4 (Figure 3.29). 
However, if the piston had to be entirely taken out of the main cylinder, then the 
metal spacer was removed and the piston pushed into the end cap, as shown in 
Figure 3.32 (b). As can be seen in Figure 3.29 nction was 
placed just before the in-line filter which allowed the option of bypassing the high 
pressure fuel system (by closing HPVs 3 and 5, and opening HPV 6), and feeding 
the injector directly with diesel fuel from the common rail. Additionally, by closing 
HPV 3 and opening HPVs 4, 5 and 6, the test fuel chamber could be filled with 
diesel fuel in order to flush the test fuel circuit at the end of an experiment, in effect 
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Figure 3.32: Cross-sectional view of the fuel system with the special cap showing (a) piston 
position with the top O-ring exposed and (b) piston completely removed from the main cylinder 
(a) 
(b) 
Test fuel 
side 
Diesel 
fuel side 
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 Effect of hydrogen-diesel fuel co-combustion on 
exhaust emissions with verification using an in-
cylinder gas sampling technique 
This chapter presents an experimental investigation on the effects of co-combustion 
of diesel fuel with hydrogen (H2) on exhaust emissions; H2 addition in the engine 
ranged from low levels to predominantly H2 combustion, with the function of diesel 
injection being only to ignite the H2. The tests were performed at fixed diesel 
injection periods, with H2 added to vary the engine load between 0 and 6 bar IMEP. 
For all experiments, the H2 was injected into the engine inlet manifold to be 
aspirated with the intake air. In a complimentary set of experiments, nitrogen gas 
was added to the engine intake air (instead of hydrogen) so as to isolate the effects 
of diluting the intake charge (reducing the amount of combustible oxygen). The 
chapter also reports a series of experiments conducted using the in-cylinder 
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sampling system so as to analyse the burning gases in the engine cylinder at 
different instants during the combustion cycle. 
 Experimental procedure 
The experiments discussed in this chapter were conducted on the single cylinder 
engine utilising the common rail fuel injection system for diesel fuel injection and 
the gas mass flow controller system for delivering metered quantities of hydrogen 
(H2) to the engine. These systems have been described in detail in Chapter 3 of this 
thesis. All the experiments were carried out at a constant engine speed of 1200 rpm, 
common rail fuel injection pressure of 900 bar and a diesel fuel injection timing of 
10 CAD BTDC. The diesel fuel used for all tests was of fossil origin, with zero fatty 
acid methyl ester (FAME) content, cetane number of 53.2 and carbon to hydrogen 
ratio of 6.32:1 by mass. Compressed hydrogen gas of purity 99.995% was obtained 
from a commercial gas supplier (BOC). 
 Experimental set 1: Exhaust emission tests 
The test procedure followed for these experiments consisted of fixing the diesel fuel 
injection period (i.e. fixing the flow rate of diesel fuel supplied to the engine) while 
gradually increasing the H2 supplied to the engine so as to increase the engine load 
(power output), at constant engine speed. 
The above procedure was repeated for a range of fixed diesel fuel injection periods, 
as shown in Table 4.1. Figure 4.1 shows the energy supplied to the single cylinder 
engine from H2 as a percentage of the total energy supplied to the engine (energy 
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from H2 plus diesel fuel) and the concentration of H2 in the intake air, at various 
engine loads and fixed diesel injection periods. 
Table 4.1: Test parameters used in the exhaust emission experiments 
 
 
 
Diesel 
fuel  
injection 
period 
(µs) 
Diesel 
fuel flow 
per  
engine 
 cycle 
(x10-3 
ml/engine 
cycle) 
Diesel fuel-
air 
equivalence 
ratio (φD) 
Engine 
load 
with no 
H2  
addition 
(bar 
IMEP) 
H2 flow 
rate 
injected 
in inlet 
manifold 
(x10-3 
l/engine 
cycle) 
H2-air 
equivalence 
ratio (φH2) 
250 1.58 0.08 0.00 0 to 31.3 0 to 0.40 
325 2.94 0.20 1.50 0 to 25 0 to 0.31 
350 3.93 0.23 2.20 0 to 21.3 0 to 0.26 
400 5.30 0.29 3.25 0 to 17.5 0 to 0.21 
IMEP (bar) 1 1.5 2 3 3.5 4 4.5 5 5.5 6 
Diesel fuel 
injection period 
(µs) 
316 331 344 388 413 438 462 486 513 542 
Table 4.2: Diesel fuel only engine loads (IMEP) and the corresponding diesel fuel injection 
periods (µs) 
(a) (b) 
Figure 4.1: (a) Percentage energy from H2 and (b) concentration of H2 in the intake air at various 
engine loads and fixed diesel injection periods 
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In the above set of tests, the minimum diesel fuel injection period used was 250 µs. 
With this injection period and no H2 addition, no heat release could be discerned 
from the analysis of in-cylinder gas pressure. It is suggested that this may be 
attributable to diesel fuel-air mixture overleaning and thus unable to sustain a 
flame front and be more prone to quenching by cooler areas of the in-cylinder charge. 
Therefore, 250 µs was taken to be the minimum diesel fuel injection period (at an 
injection pressure of 900 bar), as below this injection duration no discernible 
exhaust THC emissions could be observed, suggesting that injector opening was 
insufficient for delivery of diesel fuel. Nevertheless, it was observed that 250 µs 
diesel fuel injection period was sufficient to ignite the aspirated H2-air mixture at 
all engine loads up to 6 bar IMEP. 
An additional series of control tests were carried out using diesel fuel only (without 
any H2), with the diesel fuel injection period varied so that the engine load changed 
between 0 and 6 bar IMEP. Table 4.2 shows the diesel fuel only engine loads (IMEP) 
and the corresponding diesel fuel flow rates. 
 Experimental set 2: In-cylinder gas sampling tests 
A further set of experiments was carried out using the in-cylinder gas sampling 
valve; the diesel injection period was fixed at 325 µs for all the tests and H2 was 
added to increase the engine load. With the diesel fuel injection period of 325 µs 
and no H2 addition, an engine load of 1.5 bar IMEP was obtained. Additionally, 
from the exhaust NOx measurement results, it could be seen that negligible levels 
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of NOx are obtained at an engine load of 1.5 bar IMEP. Therefore, for the in-
cylinder sampling tests, it could be assumed that any observed NOx could be 
primarily attributed to the presence of added H2. Meanwhile, an engine load of 1.5 
bar IMEP indicated that sufficient diesel fuel was being delivered at this diesel 
injection duration for the development of heat release from diesel only combustion, 
and that spatial differences in the in-cylinder charge attributable to the presence of 
diesel sprays could likely be observed during in-cylinder sampling. 
During these tests, gas samples were extracted from the engine cylinder at two 
distinctly different locations, relative to one of the six injector nozzle diesel fuel 
sprays. Figure 4.2 shows the two sampling arrangements with respect to the injector 
sprays. The first location was a region of high diesel fuel concentration within the 
core of the diesel fuel spray, while the second location was an area of relatively low 
diesel fuel concentration between two spray cones. Since the absolute location of 
the sampling valve in the engine head was fixed, the change in the sampling 
arrangement, relative to the diesel fuel sprays, was achieved through rotation of 
the centrally-located injector. The locations of higher and lower diesel fuel 
concentration were experimentally determined by rotating the diesel fuel injector 
in small steps and measuring the in-cylinder gas composition (in particular levels 
of unburned hydrocarbons) at each injector rotation. 
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For each of the two relative sampling arrangements shown in Figure 4.2, gas 
samples were extracted at three sampling windows in the engine cycle: (a) the 
premixed stage of combustion (10 CAD ATDC); (b) the early diffusion combustion 
stage (25 CAD ATDC); and (c) the late burning stage (40 CAD ATDC). Table 4.3 
lists the timings and the durations, within the engine cycle, of the three sampling 
windows. 
 
Table 4.3: Gaseous sample extraction time CAD ATDC during the engine cycle and the 
corresponding sampling window in CAD 
 
 
 
Sampling instant  
(middle of sampling 
window) (CAD ATDC) 
Duration of  
sampling window 
(CAD) 
Diesel fuel injection  
period (µs) 
10 6 325 
25 10 325 
40 15 325 
(a) (b) 
Figure 4.2: Schematic showing (a) sampling arrangement one and (b) sampling arrangement two 
relative to the diesel fuel sprays; changes to the position of the spray relative to the valve location 
was achieved by rotating the fuel injector 
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 Results and Discussion 
 Combustion characteristics 
Figure 4.3 (a) shows the heat release rate curves at two engine loads, 3 and 6 bar 
IMEP, for both diesel only combustion and H2-diesel fuel co-combustion with 
maximum H2 concentration in the intake air (therefore at minimum diesel fuel 
condition). At a lower load of 3 bar IMEP, it can be observed from Figure 4.3 (a) 
that the duration of combustion increases significantly in the case of H2-diesel fuel 
co-combustion relative to diesel fuel only combustion. At 3 bar IMEP, the in-
cylinder H2-air mixture is weaker than stoichiometric (φH2 = 0.18), and it suggested 
that this may result in the slower flame propagation speeds than the maximum 
(a) (b) 
(c) (d) 
Figure 4.3: (a) Heat release rate curves and combustion characteristics (b) duration of ignition 
delay, (c) apparent net peak heat release rates (J/deg) and (d) indicated thermal efficiency of 
the engine at various engine loads and H2-diesel fuel proportions 
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speeds achievable during stoichiometric combustion. In contrast, with diesel fuel 
only ignition, an appreciable amount of diesel fuel-air mixture is already prepared 
during the delay period, and combusts rapidly, and close to TDC, following ignition, 
giving rise to higher rates of heat release (Heywood 1988; Hellier et al. 2011). It can 
be seen from Figure 4.3 (a) that at a higher load of 6 bar IMEP, where the in-
cylinder H2-air mixture is relatively close to stoichiometric (φH2 = 0.40), both the 
duration of combustion and the peak rate of heat release (pHRR) for H2-diesel fuel 
co-combustion are comparable to diesel fuel only combustion.  
Figure 4.3 (b) shows the effect of H2 addition on the ignition delay at various fixed 
diesel fuel injection periods. The tests were conducted at fixed diesel fuel flow rates 
into the engine and the amount of aspirated H2 into the engine was increased to 
increase the engine load. Throughout this study, ignition delay is defined as the 
duration in CAD between the start of diesel fuel injection (SOI) and the start of 
combustion (SOC); SOI is taken to be the time (in CAD) at which the injector 
actuation current signal is sent, and SOC is taken as the time (in CAD) at which 
the first detectable incidence of heat release occurs from fuel burning. It can be seen 
from Figure 4.3 (b) that the addition of H2 results in a general trend of increasing 
ignition delay, which reaches a peak and subsequently decreases with further H2 
addition. The increase in ignition delay could be attributed to the reduction in 
oxygen (O2) concentration in the intake charge, as intake air O2 is displaced by H2 
aspirated into the engine inlet manifold. The reduction in O2 availability in the 
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intake charge is expected to have led to a decrease in the rates of low temperature 
fuel reaction kinetics, that produce reactive radical species and escalate 
temperatures, thus delaying autoignition (Heywood 1988; Westbrook 2000; Andree 
& Pachernegg 1969). It is tentatively suggested that a further driver of the increased 
ignition delay with increasing H2 addition may be an inhibiting influence of H2 on 
the oxidation of diesel fuel. Figure 4.3 (b) shows the ignition delay trend reversing 
at higher engine loads (beyond 4.5 bar IMEP), with the ignition delay decreasing 
with further addition of H2. This trend reversal is believed to be due to, firstly, the 
elevated in-cylinder temperatures arising from higher engine loads which improve 
mixing rates of the injected liquid fuel; and secondly, as the H2-air mixture ratio 
increases towards the stoichiometric level, the higher residual gas temperatures 
speed up the ignition reactions.  
Figure 4.3 (c) shows the effect of increasing H2 addition, at various fixed diesel fuel 
injection periods, on the pHRR; the figure shows a general increase in the apparent 
peak heat release rates with increasing H2 addition. For comparison purposes, 
Figure 4.3 (c) also shows the pHRR when the engine load is increased without any 
H2 addition, that is, by merely increasing the amount of diesel fuel injected. It can 
be observed in Figure 4.3 (c) that the peak heat release rates for H2-diesel fuel 
mixtures are generally lower than those for diesel fuel only. In addition to the 
discussion presented for Figure 4.3 (a), the retardation in the ignition delay (Figure 
4.3 (b)) may also contribute to the reduction in pHRR with H2-diesel fuel co-
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combustion relative to diesel fuel only combustion. As the duration of ignition delay 
increases the pHRR occurs further away from TDC, into the expansion stroke and 
this could be expected to result in higher energy losses through heat transfer. 
Figure 4.3 (d) shows the indicated thermal efficiency of the engine at various fixed 
diesel fuel injection periods and engine loads. The indicated thermal efficiency was 
calculated as the ratio of the power output from the engine to the combined energy 
input from both diesel fuel and hydrogen. Comparing the indicated thermal 
efficiencies of diesel fuel only and H2-diesel fuel mixtures, a small drop in the 
thermal efficiency is observed when H2 is supplied to the engine. It is believed that 
the decrease in thermal efficiency with the addition of H2, contrary to reports in 
the literature (Masood et al. 2007; Christodoulou & Megaritis 2013), could be due 
to some of the aspirated H2 not burning in the engine cylinder and persisting into 
the exhaust (Gatts et al. 2010). As the amount of H2 leaving the engine unburned 
was not measured, it was therefore not considered when calculating the indicated 
thermal efficiency (Figure 4.3 (d), and is possible that the contradictory decrease 
in thermal efficiency may not have been observed had H2 persisting into the exhaust 
been accounted for. 
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 Gaseous emissions of CO, THC and CO2 
Figure 4.4 (a), (b) and (c) show the effect of H2 addition, at various fixed diesel 
fuel injection periods, on the concentrations of CO, THC and CO2 in the exhaust 
gas stream respectively. The H2-diesel fuel co-combustion tests were conducted at 
fixed diesel fuel flow rates into the engine and the amount of aspirated H2 into the 
engine was increased to increase the engine load (IMEP). First, considering CO and 
THC (Figure 4.4 (a) and (b)), the concentrations of both these gases are high at 
low engine loads, but then rapidly decrease as the engine load (and level of H2 
addition) rises. At low loads, it is suggested that excessive dilution of diesel fuel at 
(a) (b) 
(c) 
Figure 4.4: Variation in exhaust emissions of (a) carbon monoxide (CO), (b) unburned total 
hydrocarbons (THC) and (c) carbon dioxide (CO2) at various engine loads and H2-diesel fuel 
proportions 
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the spray fringes, combined with lower in-cylinder gas temperatures, results in a 
diesel fuel-air mixtures which are leaner than their combustion limit, and fuel that 
is either unreacted or only partially oxidized. As the displacement of intake air by 
H2 increases, and thereby the engine load rises, the diesel fuel-air mixture 
progressively strengthens towards stoichiometric levels, which when combined with 
high H2 combustion temperatures, results in higher in-cylinder gas temperatures 
and more complete combustion.  
Interestingly, Figure 4.4 (c) shows a gradual increase in the amount of CO2 in the 
exhaust with an increasing amount of hydrogen addition, despite the fact that 
carbon flow rate to the combustion chamber is fixed (diesel fuel injection duration 
in µs is fixed). The addition of H2 in the intake manifold displaces some of the 
intake air, therefore reducing the flow rate of air through the engine. The H2 
aspirated with the intake air is oxidized to water vapour in the exhaust, which is 
condensed by the emissions analyser rack prior to measurement of CO2 in the 
exhaust gas, therefore reducing the flow rate of exhaust gas. Since the carbon flow 
rate to the engine is fixed, the amount of CO2 produced by the diesel fuel could be 
expected to remain consistent. Therefore, it is suggested that the observed increase 
in the concentration of CO2 in the exhaust gas (Figure 4.4(c)) is a consequence of 
the reduced exhaust flow rate. A secondary, although less significant, possible 
reason for the increase in CO2 emissions could potentially be a slight increase in the 
combustion efficiency of diesel fuel as H2 addition increases, as an effect of increasing 
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in-cylinder gas temperatures (as suggested by the higher pHRR with H2 addition 
observed in Figure 4.3 (c)). There is some evidence for this in the results in Figure 
4.4 (a) and (b) which show a decrease in exhaust gas carbon monoxide and 
unburned hydrocarbon emissions respectively, with the addition of H2. 
Figure 4.4 (b) also shows that the concentrations of the unburned hydrocarbon 
exhaust emissions, at different H2-diesel mixtures, tend to converge at 6 bar IMEP, 
suggesting almost complete oxidation of all the available hydrocarbon fuel. The 
remaining hydrocarbons which persist to the exhaust could be originating from a 
number of sources; crevices in the piston and rings, desorbed off the thin oil layer 
covering the cylinder walls or from the vaporization of fuel from the injector nozzle 
sac volume late in the engine cycle (Heywood 1988). 
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 NOx emissions 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) 
(b) 
Figure 4.5: Variation in (a) exhaust emissions of nitrogen oxides (NOx) and (b) adiabatic 
flame temperatures at various engine loads and H2-diesel fuel proportions. The 
temperatures were calculated using GASEQ software at an initial pressure of 40 bar and 
initial temperature of 600 K 
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Figure 4.5 (a) shows the concentration of NOx (collective concentrations of NO and 
NO2) in the engine exhaust with increasing amounts of H2 supplied to the engine 
(at various fixed diesel fuel injection periods. Figure 4.5 (a) shows that when the 
diesel fuel was limited to the bare minimum (250 µs), just sufficient to pilot-ignite 
the hydrogen, then at low engine loads of up to 4 bar IMEP, very little NOx (around 
20 ppm) was formed. The exhaust NOx levels, however, increased rapidly when the 
engine load rose beyond 4 bar IMEP (Figure 4.5 (a)). This suggests that at lower 
engine loads below 4 bar IMEP, the H2-air mixture was far too lean for NOx to 
form, with the resulting combustion temperatures from H2 combustion remaining 
below the temperatures which promote rapid thermal NOx formation. At engine 
loads above 4 bar IMEP, the H2 concentration in the intake air became sufficient 
for the in-cylinder gas temperatures to reach a level at which the kinetically 
controlled NOx formation rates accelerated significantly, resulting in substantial 
exhaust emissions of NOx (Figure 4.5 (a)).  
Figure 4.5 (b) helps explain the test results presented in Figure 4.5 (a). In general, 
the principal reactions governing the oxidation of molecular nitrogen to NOx initiate 
at temperatures ranging between 1600 K and 1800 K (Heywood 1988) as shown in 
Figure 4.5 (b). Figure 4.5 (b) shows that with the level of addition of H2 present 
between 1 and 4 bar IMEP, the H2-air mixture was still too lean and the hydrogen 
adiabatic flame temperature was below that needed for significant quantities of NOx 
to be produced. It can be seen that only when levels of H2 addition reached those 
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required to produce an engine load of greater than 4 bar IMEP, was the H2 adiabatic 
flame temperature sufficient for NOx production (Figure 4.5 (b)), coinciding with 
the sharp increase in NOx emissions observed in Figure 4.5 (a). 
An additional observation from Figure 4.5 (a) is that diesel fuel was also a 
significant source of NOx formation. This is related to the fact that combustion of 
diesel sprays can be expected to always occur at close-to-stoichiometric conditions 
at the fuel spray fringes with resultant local temperatures high enough for NOx 
formation (Dec 1997). At higher loads of 5.5 bar IMEP and above, and with diesel 
fuel injection duration of 250 µs, it is apparent that NOx emissions produced during 
H2-diesel fuel co-combustion increase above the level of NOx observed in the case 
of diesel fuel only combustion. It is suggested that this may be attributable to 
higher in-cylinder gas temperatures in the case of combined H2-diesel fuel co-
combustion than in diesel  only combustion, resulting in higher rates of NOx 
formation. 
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To further explain the effect of H2-air mixture stoichiometry on NOx emissions, the 
data in Figure 4.5 (b) has been re-plotted in Figure 4.6. Each curve on Figure 4.6 
corresponds to a constant engine load (IMEP) and shows the variations in exhaust 
NOx emissions when a constant engine load is obtained at different combinations 
of H2-air mixture ratios by the substitution of diesel fuel with H2.  
Referring to Figure 4.6, consider first the NOx emissions at a lower constant engine 
load of 4 bar IMEP. Figure 4.6 shows that at 4 bar IMEP, an increase in the H2-
air equivalence ratio (φH2) resulted in reduced NOx emissions. This is a particularly 
interesting result and can be explained as follows. At 4 bar IMEP, the H2-air 
equivalence ratio is too lean to produce NOx (Figure 4.5 (a) and (b)). The bulk of 
NOx emissions come from diesel fuel combustion. The diesel fuel injected into the 
combustion chamber of the diesel engine used in this study can always be expected 
Figure 4.6: Exhaust emissions of nitrogen oxides (NOx) at constant engine loads and 
variable H2-air equivalence ratio (φH2) 
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to produce significant quantities of NOx, because spray combustion takes place 
around the spray fringe where the diesel fuel-air equivalence ratio is at about 
stoichiometric value. Therefore, the gradual substitution of diesel fuel by H2 (at 
constant engine loads of less than or equal to 4 bar IMEP) resulted in the gradual 
reduction of NOx exhaust emissions. 
At a higher engine load of 6 bar IMEP, a different picture emerges (Figure 4.6). 
The substitution of diesel fuel by H2 does not result in a reduction in NOx but, 
instead, in a monotonic increase in NOx. At this engine load, the amount of diesel 
fuel injected is relatively large and H2 addition has no effect in reducing NOx, despite 
the fact that diesel fuel is being substituted by H2. It appears that at these higher 
loads, H2 enhances the production of NOx by further raising the temperatures in 
the diesel fuel spray combustion zones. As the substitution of diesel fuel with H2 
increases at a constant engine load of 6 bar IMEP, the amount of H2 needed to 
sustain the 6 bar IMEP becomes high (φH2 reaches 0.4), which raises the in-cylinder 
gas temperature above the thermal NOx production temperature (Figure 4.5 (b)). 
Considering now a relatively intermediate engine load of 5 bar IMEP, Figure 4.6 
shows that, NOx first increases with the substitution of diesel fuel by H2, but then 
as H2 substitution becomes higher, NOx levels begin to fall. A likely explanation for 
this observation can be the following. At low H2 substitution levels, the diesel fuel 
combustion provides numerous ignition sites and the bulk of the energy release. 
Therefore NOx production would be dominated by the diesel fuel burning at near-
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stoichiometric local sites and the H2 providing, locally, additional synergetic heat 
release and temperature rise, resulting in extra NOx formation. With the progressive 
removal of diesel fuel and substitution with H2 there comes a point when the 
amount of diesel fuel removed is large enough for the high rate of NOx production 
from diesel fuel to be curtailed. At the same time, NOx production from H2 is not 
significant, because at intermediate engine loads the H2-air equivalence ratio is still 
not sufficiently high for commensurate NOx production, at the same levels that was 
produced by the diesel fuel that the H2 substituted. Hence a drop in exhaust NOx 
emissions is observed (Figure 4.6). 
 Nitrogen dilution experiments 
For all the experiments presented in this chapter the H2 was aspirated into the 
engine inlet manifold, thus displacing some of the intake air with hydrogen. While 
the H2 takes part in the combustion process and releases energy which in turn raises 
the local gas temperatures in the engine cylinder and thereby, increases NOx 
Figure 4.7: Exhaust emissions of NOx at constant engine loads and varying percentage 
reduction in intake O2 due to the aspirated H2 or N2 (assuming 21% O2 in ambient air). 
0.75 0 1.5 2.25 3.0 
% point reduction in intake O2 
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formation rates, the H2 also has an additional effect of diluting the local amount of 
air, and the decreasing oxygen availability could be expected to reduce NOx. This 
effect of H2 addition to reduce NOx may partially offset the increased NOx 
production due to higher in-cylinder temperatures brought about as a result of H2 
combustion. In an effort to separate and quantify the dilution effect of H2 on NOx 
levels, the intake air was displaced by nitrogen (rather than H2) to displace the 
same amount of O2 from the intake air as when using H2 in the intake. The nitrogen 
(N2) dilution tests were conducted at two constant engine loads, 4 bar and 6 bar 
IMEP and plotted against the reduction in intake O2 as shown in Figure 4.7. It can 
be seen from that at the low engine load of 4 bar IMEP, a similar effect of H2 and 
N2 addition is observed, with NOx levels decreasing with increasing levels of either 
gas (or reduction in intake O2). It implies that both gases act just as diluents, by 
reducing the amount of O2 and, thereby, reducing NOx formation from the diesel 
fuel spray. This result is consistent with previous results presented in this study 
which showed that at an engine load of 4 bar IMEP, the H2-air mixture is too lean 
to result in the necessary temperature rise for production of significant levels of 
NOx. However, it must be noted that with increasing H2 addition, the diesel fuel 
flow rate has to be reduced in order to maintain a constant engine load, while the 
same is not done in the case of N2 addition. Since diesel fuel can be expected to 
produce significant NOx at these engine loads (as can be seen in Figure 4.5 (a)), it 
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is difficult to discern whether the reduction in NOx emissions is due to the reduction 
in diesel fuel or the diesel fuel being replaced by a lean H2-air mixture. 
It can be seen from Figure 4.7 that at 6 bar IMEP, the addition of N2 causes an 
appreciable reduction in the NOx produced from the diesel fuel spray due to dilution 
effects. However, with H2 addition at the constant load of 6 bar IMEP, the 
combustion of H2 produces significantly high temperatures which result in not only 
in offsetting the dilution effect (or reduction in intake O2) on NOx production, but 
also cause a monotonic rise in NOx as the H2-air equivalence ratio is gradually 
increased by means of substitution of diesel fuel with hydrogen. 
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 Particulate emissions 
Figure 4.8 shows the exhaust emissions of total particulate mass at various fixed 
diesel fuel injection periods and engine loads. The change in engine load was 
achieved by varying the amount of H2 addition, while keeping the diesel fuel 
supplied to the engine fixed. At a fixed diesel fuel injection period, it can be seen 
that increasing H2 addition results in a decrease in PM emissions up to 5.5 bar 
IMEP. At a low fixed diesel fuel injection period, such as 250 µs, particulate 
emissions drop to negligible levels as H2 is introduced into the engine. Increasing 
engine loads beyond 5.5 bar IMEP results in a small increase in emissions of PM 
(Figure 4.8). The introduction of H2 in the intake charge can be expected to have 
resulted in two competing effects on PM formation. Firstly, it can be expected that 
the reduction in O2 availability due to the displacement of intake air with H2 
Figure 4.8: Variation in exhaust emissions of total particulate mass (µg/cc) at various 
engine loads and H2-diesel fuel proportions 
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accelerated particle formation via rising pyrolysis rates and, secondly, the high 
temperatures resulting from H2 combustion led to a counteracting increase in the 
rate of thermal soot oxidation. Particulates are mostly formed in the fuel rich, and 
highly oxygen deficient, core regions of the diesel fuel spray, within the spray flame 
envelope, when the fuel vapour comes in contact with the hot burned gases 
(Heywood 1988; Ning et al. 1991). Oxidation of these particulates occurs with the 
continuous breakdown of the spray due to intense turbulence levels and mixing 
with air, when PM oxidizes to form gaseous products such as CO and CO2. The 
eventual level of PM emissions in the exhaust depends on the balance between these 
two competing effects, formation and oxidation. Figure 4.8 suggests that the 
enhanced oxidation process prevails over increased pyrolysis rates when H2 supply 
to the engine is increased, resulting in an overall reduction in PM emissions at fixed 
diesel fuel injection periods. 
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Figure 4.9 shows the percentage reduction in the total particulate mass plotted 
against the percentage reduction in fuel carbon supplied to the engine, at constant 
engine loads. The reduction in fuel carbon was achieved by lowering the amount of 
diesel injected and the loss in engine power was restored by adding H2 in order to 
maintain a constant engine load. The percentage reductions in both particulates 
and fuel carbon were calculated against the values obtained with the engine 
operating on only diesel fuel (no H2 addition). The 1:1 dashed diagonal line in 
Figure 4.9 represents equivalent reductions in both PM emissions and fuel carbon 
supplied to the engine. 
For engine loads below 4 bar IMEP, Figure 4.9 shows the reductions in PM 
emissions to lie in the top half of the graph (above the 1:1 dashed line), implying a 
Figure 4.9: Comparison of the percentage reduction in total particulate mass with 
percentage reduction in the carbon content of the combustible mixture at constant engine 
loads 
3 bar 
6 bar 
5 bar 
4.5 bar 
5.5 bar 
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beneficial effect of H2 addition on PM reduction beyond simple fuel carbon 
displacement. For example, at a constant engine load 3 bar IMEP, a 10% reduction 
in fuel carbon causes up to 50% reduction in particulate matter. Therefore, as 
previously discussed, it could be suggested that an increase in H2-air stoichiometry 
(or a decrease in diesel fuel) promotes soot oxidation, or reduces initial soot 
formation, and at low engine loads these effects are more important than any 
increase in soot formation due to O2 reduction. At the higher engine load of 5 bar 
IMEP, Figure 4.9 shows that the effect of H2 substitution for diesel fuel results in 
a net reduction in PM, but this effect is less than that at the lower load of 3 bar 
IMEP.  
At the maximum load tested of 6 bar IMEP (Figure 4.9), the reductions in 
particulate mass lie almost entirely in the bottom half of the graph (below the 1:1 
dashed line). This suggests that the addition of H2 results in only a small reduction 
in PM, with this reduction being smaller that the reduction in PM that could be 
expected from merely the drop in fuel carbon supplied to the engine. One possible 
explanation for this is, at higher engine loads (6 bar IMEP or above) the air 
displaced due to the addition of substantial quantities of H2 to the engine severely 
affects the oxygen availability for PM oxidation, despite the increase in in-cylinder 
temperatures arising from higher H2-air equivalence ratios. 
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Figure 4.10 shows the exhaust NOx emissions plotted against exhaust PM emissions 
at constant engine loads. The amount of diesel fuel and H2 being supplied to the 
engine was varied to maintain a constant engine load, and the increase in total 
particulate mass emissions represents an increasing amount of diesel fuel (hence 
decreasing H2) being supplied to the engine.  
At engines loads of 3, 4 and 5 bar IMEP a reduction in both NOx and particulate 
exhaust emissions is observed when diesel fuel is replaced by H2. The reduction in 
particulates is expected since the carbon containing diesel fuel is being replaced by 
H2. The reduction in NOx emissions could be due to diesel fuel (which typically 
burns at near stoichiometric conditions) being replaced by a much leaner H2-air 
mixture which results in relatively lower gas temperatures on combustion. At an 
engine load of 6 bar IMEP (Figure 4.10), a trade-off is observed whereby NOx 
Figure 4.10: Exhaust NOx emissions against PM emissions at constant engine loads with 
varying proportions of H2 and diesel fuel. 
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emissions increase when a reduction in particulates is obtained. As discussed earlier, 
this could be because at an engine load of 6 bar IMEP, a sufficient quantity of 
diesel fuel exists inside the cylinder (despite some of it being displaced by H2), and 
any H2 combustion that occurs provides additional energy to the on-going in-
cylinder reactions, thereby raising gas temperatures and hence the levels of exhaust 
NOx. 
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 In-cylinder gas sample analysis 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) (i) (ii) (iii) 
(b) (i) (ii) (iii) 
(c) (i) (ii) (iii) 
(d) (i) (ii) (iii) 
Figure 4.11: Measurement of (a) in-cylinder unburned total hydrocarbon (THC) concentration, 
(b) total particulate mass (TPM), (c) carbon dioxide (CO2) concentration and (d) nitrogen oxide 
(NOx) concentration in gas samples collected at (i) 10 CAD, (ii) 25 CAD and (iii) 40 CAD ATDC 
at fixed diesel with increasing amounts of H2 and variable engine loads (engine speed 1200 rpm) 
with two sampling arrangements (Figure 4.2) 
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This section of the chapter presents the results of in-cylinder gas sampling with the 
two sampling arrangements (in the spray core and between two sprays), as 
discussed in Section 4.1.2. 
Figure 4.11 (a) and (b) show, respectively, the concentrations of unburned total 
hydrocarbons and particulate matter in gas samples at various engine loads 
extracted from the engine cylinder at 10, 25 and 40 CAD ATDC of the combustion 
cycle with the two in-cylinder sampling arrangements relative to the diesel fuel 
sprays (Figure 4.2). The tests were conducted at a fixed diesel injection period of 
325 µs (corresponding to an engine load of 1.5 bar IMEP) and the increase in engine 
load was achieved by adding H2 to the intake charge. Therefore, in Figure 4.11 the 
in-cylinder sample concentration at 1.5 bar IMEP represent that due to diesel fuel 
only engine operation, and that of H2-diesel co-combustion for all loads above 1.5 
bar IMEP. Figure 4.11 (a) and (b) show that the concentrations of total 
hydrocarbons and particulate matter when sampling within the fuel spray were 
higher, at all engine loads, compared to the results obtained when sampling between 
two fuel sprays. In the fuel dense core of the diesel spray, local average equivalence 
ratios are rich, due to lack of air entrainment, especially during the initial stages of 
combustion, and thereby generate high particulate concentrations. The region in 
between two individual diesel sprays contains relatively low amounts of fuel vapour 
that have been swept around by the swirling air flow, and hence is characterized 
by leaner diesel fuel equivalence ratios, leading to more complete combustion and 
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lower THC and PM concentrations. These observations are in agreement with 
similar gas sampling studies undertaken so as to map out fuel distribution in diesel 
engine cylinders (Nightingale 1975; Bennethum et al. 1975; Rhee et al. 1978). 
It can also be observed from Figure 4.11 (a) and (b) that the concentrations of 
THC and PM, respectively, generally decreased as combustion proceeded; this can 
possibly be attributed to the enhanced mixing of diesel fuel and air as spray was 
broken up and came into contact with hot unburned gases, resulting in more 
complete diesel fuel oxidation. The only exception to this is seen at an engine load 
of 2 bar IMEP, whereby an increase in THC concentration is observed. It is 
speculated that this increase is due to the introduction of H2 with the intake air 
which reduces the O2 availability for diesel combustion, resulting in the diesel flame 
front quenching faster and causing an increase in unburnt THC levels.  
The generally decreasing levels of THC and PM emissions with increasing engine 
load (IMEP), observed at the three sampling instants (Figure 4.11 (a) and (b)), are 
in agreement with the measurements of exhaust gas composition discussed in 
Section 4.2.2. H2 addition is expected to have potentially increased diesel 
combustion efficiency by raising the in-cylinder gas temperatures, thereby 
promoting the rate of thermal soot oxidation. 
Figure 4.11 (c) shows the molar fraction of CO2 in gas samples at various engine 
loads extracted from the engine cylinder at 10, 25 and 40 CAD ATDC of the 
combustion cycle with the two in-cylinder sampling arrangements relative to the 
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diesel fuel sprays (Figure 4.2). At 10 CAD ATDC, at all the engine loads, the CO2 
concentrations were quite similar between the two sampling arrangements. As 
combustion progressed, the CO2 concentrations in spray core remained fairly high, 
whereas a reduction was observed in the CO2 levels in the gas samples obtained 
from the region between two sprays. At 40 CAD ATDC, the CO2 concentrations 
with both the sampling arrangements fell as the burned gas products became 
further diluted with the unreacted intake air from within the piston bowl as the 
expansion stroke progresses. 
As with the exhaust CO2 emissions (Figure 4.4 (c)), the CO2 concentrations in the 
in-cylinder gas samples, at all sampling instants, gradually increased with increasing 
H2 addition (increasing IMEP) (Figure 4.11 (c)), the reasons for which have been 
discussed in detail in Section 4.2.2.  
Figure 4.11 (d) shows the NOx concentrations in gas samples at various engine loads 
extracted from the engine cylinder at 10, 25 and 40 CAD ATDC of the combustion 
cycle with the two in-cylinder sampling arrangements relative to the diesel fuel 
sprays (Figure 4.2). At 10 and 25 CAD ATDC and at all engine loads, NOx 
concentrations were higher between the two sprays, as compared to those in the 
spray core. Comparing the NOx concentrations between 10 and 25 CAD ATDC, an 
increase was seen in NOx in the spray core, while, between the two sprays, NOx 
remained quite similar at both sampling instants (10 and 25 CAD ATDC). At a 
later stage of the engine cycle, at 40 CAD ATDC, the NOx concentrations with 
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both sampling arrangements were of similar magnitude. However, with both 
sampling arrangements, NOx concentrations at 40 CAD ATDC were lower 
compared to those at 25 CAD ATDC. 
Spatial and temporal distribution of in-cylinder NOx and CO2 
From the in-cylinder sampling results presented in Figure 4.11, and 
notwithstanding that some relative movement of the diesel spray between the three 
sampling times could be expected due to the effects of in-cylinder swirl, the 
following further discussion is made. Air is entrained into the diesel fuel vapour at 
the periphery of the dense diesel fuel spray core by the swirling motion of the air; 
this, combined with the turbulent environment inside the chamber, results in the 
mixing and dilution of fuel vapour in the intake charge, especially in the regions 
between the individual sprays, where there is a higher initial concentration of the 
air and hydrogen intake mixture (Dec 1997). As mentioned previously, it can be 
expected that autoignition first occurs at these close-to-stoichiometric diesel fuel 
vapour-air pockets around the fuel sprays and results in the rapid burning of both 
the premixed diesel vapour and H2-air mixtures around the diesel fuel ignition sites. 
As suggested in Section 4.2.3, H2 combustion provides additional energy to diesel 
fuel combustion, and NOx production initiates when the combined temperatures 
from H2-diesel fuel co-combustion exceed that required for thermal NOx formation. 
Considering the difference in the concentrations of NOx with the two sampling 
arrangements at 10 CAD ATDC (Figure 4.11 (d)(i)), the region in between two 
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sprays (arrangement two) could be expected to have a higher H2-air concentration 
resulting in higher gas temperatures and, therefore, higher NOx formation rates. On 
the other hand, the lower NOx concentrations in the spray core (at 10 CAD ATDC) 
could be attributable to the relatively low concentration of air in the fuel rich core 
of the diesel fuel spray, resulting in lower combustion temperatures and, hence, 
reduced NOx formation. Furthermore, some of the energy released in this fuel rich 
region can be expected to have been absorbed for fuel pyrolysis (Heywood 1988), 
resulting in lower gas temperatures, and hence, reduced NOx formation rates. 
Considering the increase in NOx concentrations between 10 and 25 CAD ATDC 
(Figure 4.11 (d)), in the spray core, the rich diesel spray core can be expected to 
have broken up as combustion progresses, with the H2-air mixture being rapidly 
entrained into the disintegrated diesel fuel spray. It can be expected that the 
combined fuel mixture will burn at sufficiently high temperatures to increase NOx 
formation rates as combustion progressed from 10 to 25 CAD ATDC. This is further 
reinforced by the appreciable CO2 concentrations observed in the spray core at 25 
CAD ATDC, suggesting considerable combustion of carbon-containing fuel 
occurring at that location (Figure 4.11 (c)).  
Considering now the region between the two sprays, the following observations can 
be made: 
 NOx concentration showed no significant change, between 10 and 25 CAD 
ATDC (Figure 4.11 (d)), as the engine expansion stroke had commenced and 
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the mixing of the post-combustion gases with excess air could be expected to 
have frozen the NOx formation reactions (Stone 2012).  
 A decrease in CO2 concentrations, obtained from the region in between the 
spray, was observed from 10 to 25 CAD ATDC (Figure 4.11 (c)). For example, 
at 4 bar IMEP, CO2 concentrations, between the sprays, decreased from about 
4% to 3% as combustion progressed from 10 to 25 CAD ATDC. This could 
be attributable to the mixing of CO2 with excess air, resulting in a reduction 
in the CO2 concentration measured in the sampled in-cylinder gas.  
 At 40 CAD ATDC, CO2 (Figure 4.11 (c)) and NOx (Figure 4.11 (d)) 
concentrations in the extracted sample were quite similar with both sampling 
arrangements. This may be expected, as at later stages of combustion the 
effects of air swirl and reverse squish flow (Heywood 1988; Zhao et al. 1996) 
promote the redistribution of in-cylinder gaseous composition, creating near 
homogenous conditions in the cylinder. 
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 Conclusions 
 An increase in the duration of ignition delay was observed at intermediate 
engine loads with H2 addition, which could be attributed to the decreasing O2 
concentration in the intake charge. This reduction in O2 availability can be 
expected to lead to a reduction in the rate of low temperature fuel reaction 
kinetics, delaying autoignition. At high engine loads, the ignition delay period 
was observed to have reduced in duration, as elevated in-cylinder 
temperatures improved the evaporation and subsequent mixing of the injected 
fuel with air.  
 An increase in CO2 emissions (both exhaust and in-cylinder) with H2 addition 
was observed despite fixed fuel carbon flow rate into the combustion chamber 
(diesel fuel injection period was fixed). The displacement of intake air by H2 
and the subsequent oxidation of H2 to water vapour reduced the exhaust flow 
rate, since the water vapour is condensed by the analysers prior to CO2 
measurement. Except for a small increase in diesel combustion efficiency (as 
seen by the decrease in exhaust gas carbon monoxide and unburned 
hydrocarbon emissions), the CO2 produced by the diesel fuel is expected to be 
unchanged and the CO2 concentration in the exhaust can be expected to rise, 
as a consequence of the reduced exhaust flow rate.  
 NOx emissions (both exhaust and in-cylinder) were observed to increase very 
rapidly with the addition of H2 but only when the combined temperatures 
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resulting from H2-diesel fuel co-combustion exceeded the threshold 
temperature for NOx formation temperatures. 
 At fixed diesel fuel injection periods and engine loads below 5.5 bar IMEP, a 
reduction in the overall PM emissions was observed with H2 addition, as soot 
burnout by thermal oxidation offset the effects of soot formation via pyrolysis. 
At higher engine loads, the effect of dilution of intake O2 due to displacement 
by H2 becomes the primary influence on particulate matter generation and a 
small rise in PM emissions was observed. 
 At low engine loads, the addition of H2 promoted soot burnout due to elevated 
temperatures and higher oxidation rates; at intermediate engine loads, the 
effects of soot formation and oxidation counterbalanced each other; and at 
high engine loads, the excessive displacement of intake O2 by H2 led to slightly 
increased rates of soot formation. 
 From in-cylinder gas sampling results it was observed that at early stages of 
combustion (10 CAD ATDC), NOx concentrations within the diesel fuel spray 
were lower than those measured in between two individual fuel sprays. This 
could be attributed to a higher concentration of H2-air mixture burning in 
between the sprays, combined with the combustion of significant amounts of 
diesel fuel vapour occurring between the sprays. This is expected to have 
resulted in high temperatures in this region (between the sprays) and, 
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therefore, higher NOx formation rates in comparison to the NOx formation 
rates within the spray, where a deficiency of air existed. 
 
 
 
 
 
 
 
 
 
 
Chapter 5 
201 
 
 
 
 
 
 
 
 
 Influence of methane-hydrogen mixtures on 
combustion and emission characteristics, and in-
cylinder gas composition 
The complimentary properties of methane (CH4) and hydrogen (H2) were discussed 
in detail in Chapter 2 and have been summarised here. While CH4 is a relatively 
stable molecule with a significantly higher ignition energy requirement, H2 has a 
flame speed about six to eight times greater than that of CH4 resulting in smaller 
time intervals between fuel ignition and peak heat release rates (Karim 2003; Klell 
et al. 2012). CH4 operated engines suffer from increased cycle to cycle variation and 
occasional flame failure, while combustion anomalies such as backfire and knock 
are normally associated with H2 burning (Akansu et al. 2007; Demuynck et al. 2009; 
Verhelst et al. 2010; Diéguez et al. 2014). The use of CH4-H2 mixtures has the 
potential of utilising the properties of the individual gases in a beneficial manner, 
for example widening the flammability limits to allow stable engine operation under 
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lean conditions, which can lead to low temperature combustion and hence reduced 
NOx formation.  
The chapter presents an experimental investigation of co-combusting methane-
hydrogen mixtures with diesel fuel, carried out on the direct injection compression 
ignition engine. The tests were performed with two different pilot diesel fuel flow 
rates, with the engine being supplied with different quantities methane-hydrogen 
mixtures (of various proportions) to vary the engine load between 0 and 7 bar 
IMEP. In addition, engine in-cylinder gas samples were collected with two distinct 
sampling arrangements and at various instants during the engine cycle, to measure 
species concentrations in the cylinder. 
 Experimental procedure 
The experiments discussed in this chapter were conducted on the single cylinder 
engine utilising the common rail fuel injection system for diesel fuel injection and 
the gas mass flow controller system for delivering metered quantities of methane 
(CH4) and hydrogen (H2) to the engine. These systems have been described in detail 
in Chapter 3 of this thesis. All the experiments were carried out at a constant 
engine speed of 1200 rpm, common rail fuel injection pressure of 900 bar and a 
diesel fuel injection timing of 10 CAD BTDC. The diesel fuel used for all tests was 
of fossil origin, with zero fatty acid methyl ester (FAME) content, cetane number 
of 53.2 and carbon to hydrogen ratio of 6.32:1 by mass. Compressed methane gas 
Chapter 5                                   5.1 Experimental procedure 
     
203 
  
and compressed hydrogen gas of purity 99.5% and 99.995%, respectively, were 
obtained from a commercial gas supplier (BOC). 
 Experimental set 1: Exhaust emission tests (using CH4-H2 mixtures) 
The adopted test procedure consisted of fixing the flow rate of diesel fuel supplied 
to the engine (pilot diesel fuel flow rate), while gradually increasing the amount of 
CH4-H2 mixture being delivered to the engine so as to increase the engine load (that 
is, power output measured in bar IMEP, at constant engine speed). The diesel fuel 
flow rate was kept fixed by maintaining a constant engine load, henceforth referred 
to as the pilot diesel fuel IMEP. Two series of tests were conducted and during the 
first series the pilot diesel fuel flow rate was kept fixed to achieve an engine load of 
0 bar IMEP from diesel fuel only (that is, without any CH4 or H2 being supplied to 
the engine). For a pilot diesel fuel only IMEP of 0 bar, no heat release could be 
discerned from the analysis of in-cylinder gas pressure. Therefore the diesel flow 
rate, equivalent to a pilot diesel IMEP of 0 bar, was taken to be minimum flow rate 
below which no spray emerges from the diesel injector nozzle. Nevertheless, it was 
observed that the diesel flow rate equivalent to a pilot diesel IMEP of 0 bar was 
sufficient to ignite the aspirated CH4-H2-air mixture at all engine loads up to 7 bar 
IMEP. During the second series of tests, the diesel fuel flow rate was again kept 
fixed, but this time to develop an engine load of 1.5 bar IMEP without any CH4 or 
H2 addition. 
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For each of the two pilot diesel fuel IMEPs, the above procedure was repeated for 
a variety of CH4-H2 mixture ratios, ranging from 20% CH4:80% H2 (v/v) to 80% 
CH4:20% H2 (v/v), as can be seen in Table 5.1; for each of the mixtures the flow 
rate was gradually increased to increase the engine load (with the diesel fuel flow 
kept fixed, as mentioned above). Figure 5.1 (a) and (b) show the energy supplied 
to the engine from the H2 as a function of the total energy supplied to the engine 
(that is, energy from the CH4-H2 mixture plus diesel), for the two pilot diesel fuel 
IMEPs of 0 bar and 1.5 bar, at various engine loads and CH4-H2 mixture ratios. 
Table 5.2 lists the properties of diesel fuel, methane and hydrogen used in these 
experiments.  
An additional series of baseline (control) tests were carried out, for comparison, 
using diesel fuel only (without any CH4 or H2), with the diesel fuel injection period 
(and hence the diesel fuel flow rate delivered to the engine) gradually increased so 
that the engine load increased from 0 to 7 bar IMEP. 
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Figure 5.1: Percentage energy from H2 for (a) 0 bar and (b) 1.5 bar pilot diesel fuel IMEP, 
at various engine loads (IMEP) and CH4-H2 mixture ratios 
1.5 bar pilot diesel IMEP 
0 bar pilot diesel IMEP 
(a) 
(b) 
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Pilot 
diesel  
(bar 
IMEP) 
Diesel 
fuel 
flow 
rate 
(ml/ 
min) 
CH4:H2 
ratio 
(v/v) 
CH4 
flow 
rate 
(l/min) 
H2 flow 
rate  
(l/min) 
CH4-air 
equiva 
-lence 
ratio 
(φCH4) 
H2-air 
equiva
-lence 
ratio 
(φH2) 
IMEP 
(bar) 
0 1.40 
80:20 
4.8 - 
12.1 
1.2 - 3.0 
0.19 - 
0.50 
0.01 - 
0.03 
0 - 7 
60:40 
4.2 - 
10.8 
2.7 - 7.2 
0.16 - 
0.45 
0.03 - 
0.07 
50:50 3.7 - 9.8 3.7 - 9.8 
0.15 - 
0.40 
0.03 - 
0.09 
40:60 3.2 - 9.0 
4.8 - 
13.5 
0.13 - 
0.38 
0.04 - 
0.13 
20:80 2.0 - 6.0 
7.8 - 
24.2 
0.08 - 
0.26 
0.07 - 
0.24 
1.5 3.65 
80:20 
1.6 - 
10.2 
0.0 - 2.1 
0.06 - 
0.41 
0.000 - 
0.02 
1.5 - 7 
60:40 1.0 - 8.9 0.6 - 6.0 
0.04 - 
0.36 
0.005 - 
0.06 
50:50 1.0 - 8.5 1.0 - 8.5 
0.04 - 
0.35 
0.009 - 
0.08 
40:60 1.0 - 7.6 
1.5 - 
11.4 
0.04 - 
0.31 
0.010 - 
0.10 
20:80 0.6 - 5.0 
2.5 - 
20.0 
0.02 - 
0.21 
0.022 - 
0.20 
Table 5.1: Test parameter matrix for the exhaust emission experiments  
Table 5.2: Properties of diesel fuel, hydrogen and methane at 1 atm and 300 K (Karim 2003; 
Saravanan & Nagarajan 2008a; Chong & Hochgreb 2011) 
 
Property Diesel fuel Hydrogen Methane 
Density (kg/m3) 831.9 0.0838 0.66 
Lower heating value (MJ/kg) 43.14 120 50 
Laminar flame speed (cm/s) 5-80 230 42 
Flammability range  
(% v/v in air) 
0.6-7.5 4 - 76 4.4 - 15 
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 Experimental set 2: In-cylinder gas sampling tests (using CH4-H2 
mixtures) 
A further set of experiments was carried out utilising the in-cylinder gas sampling 
system on the single cylinder engine; the pilot diesel fuel flow rate was fixed so as 
to provide an engine load of 1.5 bar IMEP. At an engine load of 1.5 bar IMEP, and 
with no CH4 or H2 addition, only negligible levels of NOx were measured in the 
exhaust gases. Therefore, when the CH4-H2 mixture was added in the course of the 
in-cylinder sampling experiments, it could be assumed that any observed NOx could 
be primarily attributed to the presence of the CH4 and H2. Meanwhile, an engine 
load of 1.5 bar IMEP indicated that sufficient diesel fuel was being supplied to the 
engine for the development of measurable heat release from diesel only combustion, 
and that any spatial differences in the in-cylinder charge attributable to the 
variation in diesel fuel spray stoichiometry could likely be observed during in-
cylinder sampling. 
The tests were conducted at a constant engine load of 4 bar IMEP, with the increase 
in engine load from the pilot diesel IMEP of 1.5 bar (to 4 bar IMEP) achieved by 
supplying the necessary amount of CH4-H2 mixture to the engine. Two CH4-H2 
mixture ratios of 20% CH4: 80% H2 (v/v) and 80% CH4: 20% H2 (v/v) were utilised 
so as to provide a significant contrast between the in-cylinder gas composition 
obtained from the two series of experiments. 
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During these tests, gas samples were extracted from the engine cylinder at two 
distinctly different locations, relative to one of the six injector nozzle diesel fuel 
sprays. Figure 5.2 shows the two relative sampling arrangements with respect to 
the injector sprays. The first location, relative to the spray, was a region of high 
diesel fuel concentration within the core of the diesel fuel spray, while the second 
location, relative to the spray, was an area of relatively low diesel fuel concentration 
between two spray cones. Since the absolute location of the sampling valve in the 
engine head was fixed, the change in the sampling arrangement, relative to the 
diesel fuel sprays, was achieved through rotation of the centrally-located injector. 
The locations of relatively high and low diesel fuel concentration were 
experimentally determined by rotating the diesel fuel injector in small steps and 
measuring the in-cylinder gas composition (in particular the levels of unburned 
hydrocarbons) at each injector rotation. This methodology allowed approximate 
(a) (b) 
Figure 5.2: Schematic showing (a) sampling arrangement one and (b) sampling arrangement two 
relative to the diesel fuel sprays; changes to the position of the spray relative to the valve location 
was achieved by rotating the fuel injector 
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spray core boundaries to be sketched, as by means of broken lines shown in Figure 
5.2. 
For each of the two relative sampling arrangements shown in Figure 5.2, gas 
samples were extracted at a number of sampling windows in the engine cycle, from 
20 CAD BTDC to 100 CAD ATDC in incremental crank angle steps ranging 
between 10 and 20 CAD. This allowed in-cylinder gas samples to be obtained at 
various stages of the combustion cycle, from before diesel fuel injection and through 
the ignition delay period, the premixed burn stage and the early and late diffusion 
burn stage. At each sampling crank angle window, a voltage of 100 V was applied 
to the solenoid; this voltage is larger compared to the voltages used during the 
sampling valve bench tests (described in Chapter 3), as in the engine the in-cylinder 
gas pressures reached much higher values (60-70 bar) than the pressures that could 
be applied on the sampling valve face during the bench tests (maximum 40 bar).  
 Experimental set 3: In-cylinder gas sampling tests (using CH4) 
An additional set of in-cylinder gas sampling tests were conducted whereby only 
CH4 was supplied to the engine to increase the engine load above the pilot diesel 
IMEP of 1.5 bar, up to an engine load of 5.5 bar IMEP. These tests were carried 
out to understand the effect of co-combustion of CH4 and diesel fuel on the in-
cylinder gas composition, without the influence of H2 as a third combustible 
component. 
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Again, as explained Section 4.1.2, gas samples were collected from two distinct 
regions of diesel fuel concentration, relative to the injector nozzle diesel fuel sprays 
(Figure 5.2). For each of the two relative sampling arrangements, gas samples were 
extracted at three sampling windows in the engine cycle: (a) during the premixed 
stage of combustion (at 10 CAD ATDC); (b) during the early diffusion combustion 
stage (at 25 CAD ATDC); and (c) during the late burning stage (at 40 CAD 
ATDC). Table 5.3 lists the sampling valve crank angle timings and the sampling 
durations, within the engine cycle. It can be seen from Table 5.3 that the duration 
of the sampling window increases as the engine cycle progresses, in response to 
decaying in-cylinder gas pressure. Post combustion, the in-cylinder gas pressure 
decreases quite rapidly, and so does the flow rate through the valve sampling valve 
opening (if the sampling duration were to be kept constant). Hence, in order to 
obtain a sufficient volume of gas sample (for the analysers) the valve had to be 
kept open for a longer duration. 
 
Sampling timing (middle of 
sampling window)  
(CAD ATDC) 
Duration of sampling window 
(CAD) 
10 6 
25 10 
40 15 
Table 5.3: In-cylinder gas sample extraction timings in CAD ATDC during the engine cycle and 
the corresponding sampling windows in CAD 
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 Results and discussion 
 Combustion characteristics 
Figure 5.3 shows the heat release rate curves for the two pilot diesel fuel IMEPs of 
0 bar and 1.5 bar and supplying the engine with two different CH4-H2 mixture ratios 
of 20% CH4: 80% H2 (v/v) and 80% CH4: 20% H2 (v/v) to achieve the required 
total engine load of 4 bar IMEP (that is, including the pilot diesel fuel IMEP). 
Comparing the heat release rate curves at the two pilot diesel IMEP conditions (0 
bar and 1.5 bar), it can be seen that the rate of increase of heat release post ignition 
is considerably faster in the case of 1.5 bar pilot diesel fuel IMEP, leading to higher 
peak heat release rates closer to engine TDC. This is because at the higher pilot  
diesel IMEP of 1.5 bar, significantly more diesel is injected into the combustion 
chamber (Table 5.2), and hence an appreciable amount of diesel fuel-air mixture is 
Figure 5.3: Heat release rate curves for a fixed engine load of 4 bar IMEP, for the two 
pilot diesel fuel IMEPs of 0 and 1.5 bar and two CH4-H2 mixture proportions 
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already premixed and prepared during the delay period, and combusts rapidly once 
ignition has occurred (Heywood 1988). It can also be speculated that the larger 
volume of pilot diesel fuel being injected (as compared to 0 bar pilot diesel fuel 
IMEP) increases the number of ignition sites available for CH4 and H2 combustion, 
which along with diesel fuel combustion results in a larger proportion of energy 
being released closer to TDC, and hence higher peak heat release rates. On the 
other hand, for a pilot diesel IMEP of 0 bar, the in-cylinder CH4-H2-air mixtures 
are considerably weaker than stoichiometric (φH2 = 0.02 and φCH4 = 0.35 at 
80CH4:20H2 at a total engine load of 4 bar IMEP), which may result in flame 
propagation speeds being slower than the maximum propagation speeds achievable 
with stoichiometric combustion, resulting in slower rates of release of energy, lower 
peak heat release rates occurring further away from TDC and relatively longer 
durations of combustion (Figure 5.3). 
Now considering the heat release rate curves for the two different CH4-H2 mixture 
proportions at the same pilot diesel IMEP of 1.5 bar, the peak heat release rate for 
a mixture ratio of 20CH4:80H2 is higher as compared to that for 80CH4:20H2, despite 
the ignition delay period being similar in both cases (Figure 5.3). This could be 
attributed to the higher adiabatic flame temperatures of H2 as compared to CH4 
(Karim 2003; Klell et al. 2012), leading to greater release of energy from combustion, 
when the in-cylinder mixture contains a higher proportion of H2. Furthermore, a 
higher heat release rate can be observed for 80CH4:20H2 during the diffusion burning 
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stage in Figure 5.3 (after 10 CAD ATDC), which could be because of significant 
quantities of CH4 burning later during the cycle due to the lower flame propagation 
speeds of CH4 as compared to H2 (Karim 2003). Similar comparisons could also be 
made for the heat release rate curves for the two CH4-H2 mixture proportions at 
the pilot diesel IMEP of 0 bar (Figure 5.3). 
Figure 5.4 shows the ignition delay period and the peak heat release rates for the 
two pilot diesel fuel IMEPs of 0 bar and 1.5 bar, at a variety of engine loads and 
CH4-H2 mixture proportions. For comparison purposes, Figure 5.4 also shows the 
ignition delay and peak heat release rates when the engine load is increased without 
Figure 5.4: Combustion characteristics (a) and (b) duration of ignition delay, and (c) and (d) 
peak heat release rates for the two pilot diesel fuel IMEPs of 0 and 1.5 bar, and at various engine 
loads and CH4-H2 mixture proportions 
(a) (b) 
(c) (d) 
0 bar pilot diesel IMEP 1.5 bar pilot diesel IMEP 
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any CH4 or H2 addition, that is, by merely increasing the amount of diesel fuel 
injected. Ignition delay is defined here as the duration in CAD between the start 
of diesel fuel injection (SOI) and the start of combustion (SOC). SOI is taken to 
be the time when the actuation signal is sent to the injector, whereas the SOC is 
defined as the first incidence of detectable heat release following autoignition of the 
diesel fuel. The increase in IMEP, above the pilot diesel fuel IMEP, is achieved by 
delivering increasing amounts of CH4-H2 mixtures to the engine. The most apparent 
feature in Figure 5.4 is the considerably longer ignition delay with CH4-H2 mixtures 
as compared to diesel only fuelling. It could be speculated that at low temperature 
ignition conditions, the CH4 and H2 remain intact and do not participate chemically 
in the ignition process; in fact, they might hamper the process by diluting the intake 
O2 and hindering oxidation reactions that lead to ignition. 
For a pilot diesel fuel IMEP of 0 bar, the ignition delay period at the various engine 
loads is quite similar between the different CH4-H2 mixtures, with the only 
exception being at 7 bar IMEP where the ignition delay period decreases as the 
proportion of H2 in the CH4-H2 mixture increases. For a pilot diesel IMEP of 1.5 
bar, differences in the ignition delay period between the various CH4-H2 mixtures 
can be observed above an engine load of 4 bar IMEP, whereby the ignition delay 
period initially decreases as the mixture proportion changes from 80CH4:20H2 to 
50CH4:50H2, but then subsequently increases as the CH4 is further substituted by 
H2 (Figure 5.4).  
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For both the pilot diesel IMEPs, it can be seen from Figure 5.4 that for each CH4-
H2 mixture, there is a general trend of an initial increase and then a subsequent 
decrease in ignition delay as the amount CH4-H2 mixture being supplied is increased 
(moving from left to right). Similar trends in ignition delay were also observed with 
H2-diesel fuel mixtures, and have been discussed in great detail in Chapter 5 and 
also in a publication led by the author (Talibi et al. 2014). The peak heat release 
rates for each of the pilot diesel IMEPs, at all engine loads and CH4-H2 mixture 
proportions are quite similar except for the peak heat release rates for the 
20CH4:80H2 mixture ratio at 0 bar pilot diesel IMEP, which shows an almost 
exponential increase in peak heat release rates at engine loads above 4 bar IMEP. 
The increasing proportion of H2 in the in-cylinder gas mixture results in smaller 
ignition delay periods and higher gas temperatures achieved post combustion. 
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 CO2, CO and unburned THC exhaust gas emissions 
Figure 5.5 shows the gaseous exhaust emissions of CO2, unburned total 
hydrocarbons (THC) and CO for the two pilot diesel fuel IMEPs of 0 bar and 1.5 
bar, at various engine loads and CH4-H2 mixture proportions. For both pilot diesel 
Figure 5.5: Variation in the exhaust emissions of (a) carbon dioxide (CO2), (b) unburned total 
hydrocarbons (THC) and (c) carbon monoxide (CO) for the two pilot diesel fuel IMEPs, at 
various engine loads and CH4-H2 mixture proportions 
(a) (b) 
(c) (d) 
(e) (f) 
0 bar pilot diesel IMEP 1.5 bar pilot diesel IMEP 
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IMEPs and at all CH4-H2 mixture proportions, an almost linear increase in CO2 
emissions is observed as the amount of CH4-H2 mixture being supplied to the engine 
is increased in order to increase the engine load. Comparing CO2 emissions between 
different CH4-H2 mixture proportions, as expected, the CH4-H2 mixtures with a 
higher proportion of H2 produce relatively less CO2 from combustion. Figure 5.5 
also shows the exhaust emissions of CO2, unburned THC and CO when the engine 
load is increased without any CH4 or H2 addition, that is, by merely increasing the 
amount of diesel fuel injected. It is important to note from Figure 5.5 that at all 
engine loads, the CO2 emissions when combusting CH4-H2 mixtures (along with the 
pilot diesel fuel) are considerably lower compared to when burning only diesel fuel 
to develop the same engine load. This is due to CH4 having a lower carbon to 
hydrogen ratio as compared to diesel fuel, and hence resulting in lower CO2 
emissions. 
Now considering the unburned THC and CO emissions for both pilot diesel IMEPs 
of 0 bar and 1.5 bar, it can be seen from Figure 5.5, that for each CH4-H2 mixture 
there is a general trend of an initial increase in THC and CO emissions followed by 
a subsequent decrease, as the engine load is increased (by increasing the CH4-H2 
mixture supply to the engine). The initial increase in unburned THC and CO 
to the range of engine loads tested) could most likely be attributed to increased 
quenching of the CH4 flame front due to lower in-cylinder temperatures. At such 
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low load conditions, the in-cylinder CH4-air and H2-air mixture stoichiometry is 
quite lean, and the generated flame front is not able to sustain itself to consume all 
the aspirated CH4, resulting in either unburned or partially oxidized hydrocarbons 
(mainly CH4) passing into the exhaust. As the engine load is increased by aspirating 
a greater volume of CH4-H2 mixture, the in-cylinder CH4-air mixture progresses 
towards stoichiometric conditions, the residual in-cylinder gas temperatures 
increase, resulting in improved CH4 oxidation and, therefore, lower unburned THC 
and CO emissions. As expected, at each engine load, unburned THC and CO 
emissions decrease as the proportion of H2 in the aspirated CH4-H2 mixture increases.  
 NOx exhaust gas emissions 
Figure 5.6 shows the gaseous exhaust emissions of NOx for the two pilot diesel fuel 
IMEPs of 0 bar and 1.5 bar, at various engine loads and CH4-H2 mixture proportions. 
Considering the tests carried out with a pilot diesel fuel IMEP of 0 bar, it can be 
seen from Figure 5.6 that at low engine loads, below 4 bar IMEP, NOx emission 
Figure 5.6: Variation in the exhaust emissions of oxides of nitrogen (NOx) for the two pilot diesel 
fuel IMEPs, at various engine loads and CH4-H2 mixture proportions 
 
(a) (b) 
0 bar pilot diesel IMEP 1.5 bar pilot diesel IMEP 
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levels are quite low (< 100 ppm). However, above 4 bar IMEP, NOx levels in the 
exhaust gas rise quite steeply with increasing engine load. These results are 
comparable to the NOx exhaust emission results obtained with H2-diesel fuel co-
combustion (as described in Chapter 5), and therefore can be explained in a similar 
manner. At engine loads lower than 4 bar IMEP, the temperatures resulting from 
the combustion of the very lean in-cylinder CH4-air and H2-air mixtures (φH2 = 0.02 
and φCH4 = 0.35 at 80CH4:20H2 at an engine load of 4 bar IMEP) are below the 
threshold temperatures (1600K - 1800K) which promote rapid thermal NOx 
formation. However, as the CH4-H2 mixture being supplied to the engine is increased, 
to increase the engine load above 4 bar IMEP, the in-cylinder mixture concentration 
becomes sufficient for the post combustion gas temperatures to go above the level 
at which NOx formation rates accelerate significantly. This exponential increase in 
NOx production rates is expected with as the in-cylinder CH4/H2-air mixture 
progresses towards stoichiometric conditions, and is consistent the extended 
Zeldovich NOx formation mechanism (discussed in Chapter 2) (Miller & Bowman 
1989). Comparing the NOx emissions from the 20CH4:80H2 and 80CH4:20H2 
mixtures, it can be observed from Figure 5.6 that NOx emission levels rise more 
rapidly when the mixture has a higher proportion of H2. As expected, this is due to 
H2 exhibiting a shorter ignition delay and combusting closer to TDC resulting in 
higher gas temperatures (Figure 5.3), and hence increased thermal NOx formation 
rates.  
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Now considering NOx emissions for a pilot diesel fuel IMEP of 1.5 bar (Figure 5.6), 
similar trends to those described in the paragraph above can be observed with 
increasing engine loads and with different CH4-H2 mixtures. However, the NOx 
emissions start increasing rapidly above 3 bar IMEP, as compared to the 4 bar 
IMEP threshold observed with a pilot diesel fuel IMEP of 0 bar. This can be 
attributed to the higher amount of diesel fuel being injected into the combustion 
chamber to achieve a pilot diesel fuel IMEP of 1.5 bar. Diesel fuel combustion can 
be expected to always occur, at the local level in the engine cylinder, at near 
stoichiometric conditions with resultant local temperatures sufficient for NOx 
formation (Dec 1997). Therefore, the temperatures resulting from the combined 
CH4-H2-diesel fuel combustion are likely to reach the threshold for accelerated 
thermal NOx formation at a lower load of 3 bar IMEP. 
Figure 5.6 also shows the NOx exhaust emissions when the engine load is increased 
without any CH4 or H2 addition, that is, by merely increasing the amount of diesel 
fuel injected. It can be observed that although the NOx levels do increase with 
increasing engine load when only diesel fuel is used, the rise in NOx levels is not as 
rapid as observed in the case of CH4-H2 mixture combustion. As explained above, 
diesel combustion occurs at close-to-stoichiometric conditions, whereas the 
aspirated CH4/H2-air mixtures are considerably below stoichiometric levels. Hence, 
as the supply of CH4-H2 mixture to the engine is increased (that is, the in-cylinder 
mixture proceeds towards stoichiometric conditions), it is likely that the increase 
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in temperatures is much more significant that that obtained just with increasing 
diesel fuel, resulting in the rapid increase in NOx emissions. 
 Particulate exhaust emissions 
  
Figure 5.7 shows the exhaust emissions of total particulate mass (PM) for the two 
pilot diesel fuel IMEPs of 0 bar and 1.5 bar, at various engine loads and CH4-H2 
mixture proportions. It can be observed that for both the pilot diesel IMEPs and 
for all CH4-H2 mixture proportions, the level of PM emissions does not increase with 
increasing engine load (achieved by increasing the CH4-H2 mixture supply) up to 6 
bar IMEP, beyond which a rapid increase in PM emissions is seen. As discussed in 
the case of PM emissions from H2-diesel fuel co-combustion (Chapter 5), the 
introduction of CH4 and H2 in the cylinder is likely to have two competing effects 
on PM formation, increased oxidation rates and increased pyrolysis rates. It is 
possible that for engine loads above 6 bar IMEP, the displacement of intake air by 
(a) (b) 
Figure 5.7: Exhaust emissions of total particulate mass for the two pilot diesel fuel IMEPs, at 
various engine loads and CH4-H2 mixture proportions 
0 bar pilot diesel IMEP 1.5 bar pilot diesel IMEP 
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CH4 and H2 leads to sufficient reduction in O2 availability for hydrocarbon 
combustion, resulting in increased pyrolysis rates. 
Figure 5.7 also shows the total particulate mass (PM) emissions when the engine 
load is increased without any CH4 or H2 addition, that is, by merely increasing the 
amount of diesel fuel injected. It is interesting to note that at higher engine loads 
PM emissions from diesel only engine operation are significantly higher as compared 
to pilot diesel fuel-CH4-H2 combustion. This is in part due to replacing the diesel 
H2, but also shows that CH4 is less likely to form particulates 
as compared to diesel fuel. This could potentially be attributed to the aspirated 
CH4 being well mixed with the intake air, while the injected diesel fuel spray 
contains fuel-rich, oxygen deficient core region where a majority of the particulates 
originate from (Dec 1997). 
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Figure 5.8 shows the percentage reduction in the total particulate mass plotted 
against the percentage reduction in fuel carbon supplied to the engine, at constant 
engine loads and for a fixed pilot diesel fuel IMEP of 1.5 bar. The reduction in fuel 
carbon was achieved by lowering the proportion of CH4 and increasing the 
proportion of H2 in the aspirated CH4-H2 mixture in order to maintain a constant 
engine load. The percentage reductions in both particulates and fuel carbon were 
calculated against the values obtained with the engine operating on only diesel fuel 
(no CH4 or H2 addition). The 1:1 dashed diagonal line in Figure 5.8 represents 
equivalent reductions in both PM emissions and fuel carbon supplied to the engine. 
For all engine loads shown in Figure 5.8, the reductions in PM emissions lie in the 
top half of the graph (above the 1:1 dashed line), implying a beneficial effect of 
Figure 5.8: Comparison of percentage reduction in total particulate mass with percentage 
reduction in the carbon content of the combustible mixture at constant engine loads and 
for a fixed pilot diesel fuel IMEP of 1.5 bar. 
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replacing diesel fuel with CH4-H2 mixture on PM reduction beyond simple fuel 
carbon displacement. For example at a constant engine load 4 bar IMEP, a 20% 
reduction in fuel carbon causes up to 60% reduction in particulate matter. As 
previously discussed, this is possibly due to premixed CH4 having a lower tendency 
of forming particulates as compared to the injected diesel fuel (which will always 
have regions of rich stoichiometry). Now comparing the reduction in PM emissions 
between different engine loads, an increase in the percentage reduction in PM 
emissions can be observed from Figure 5.8 as the engine load increases from 3 bar 
to 5 bar IMEP. However, as the engine load is further increased to 7 bar IMEP, 
the percentage reduction in PM emissions decreases. It should be remembered here 
that all the tests were conducted at a fixed diesel fuel flow into the engine 
(equivalent to pilot diesel fuel IMEP of 1.5 bar), and any increase in engine load 
was achieved by increasing the amount of CH4-H2 mixture being aspirated into the 
engine (hence displacing intake air). It is likely that the increase in the supply of 
CH4-H2 mixture to the engine (to increase the engine load up to 5 bar IMEP) 
resulted in higher in-cylinder gas temperatures, leading to higher carbon oxidation 
rates and lower PM emissions. However, as the amount of aspirated CH4-H2 mixture 
is further increased (to increase the engine load above 5 bar IMEP), the effect of 
O2 unavailability for PM oxidation becomes more important than the increase in 
in-cylinder temperatures arising from higher CH4/H2-air equivalence ratios. 
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It can also be observed from Figure 5.8, that at each constant engine load, as the 
amount of CH4 being supplied to the engine is decreased, and concurrently the 
supply of H2 is increased (moving from left to right on Figure 5.8), a significant 
change in the reduction in PM emissions is not observed. This observation lends 
some credence to the earlier speculation that the reduction in PM emissions is 
primarily due to replacing diesel fuel with CH4-H2 mixtures. 
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 In-cylinder gas sample composition (using CH4 only - Experimental 
set 3) 
 
 
Figure 5.9: Measurement of in-cylinder (a) carbon dioxide (CO2) concentration, (b) unburned 
total hydrocarbon (THC) concentration, (c) nitrogen oxide (NOx) concentration and (d) total 
particulate mass (PM) in gas samples collected at (i) 10 CAD, (ii) 25 CAD and (iii) 40 CAD 
ATDC at fixed pilot diesel fuel IMEP of 1.5 bar with increasing amounts of H2 or CH4 and 
variable engine loads with two sampling arrangements (Figure 5.2) 
(iii) (ii) (i) (d) 
10 CAD ATDC 25 CAD ATDC 40 CAD ATDC 
(c) (i) (ii) (iii) 
40 CAD ATDC 25 CAD ATDC 10 CAD ATDC 
(iii) (ii) (i) (b) 
40 CAD ATDC 25 CAD ATDC 10 CAD ATDC 
(i) (ii) (iii) (a) 
10 CAD ATDC 25 CAD ATDC 40 CAD ATDC 
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Figure 5.9 shows the in-cylinder concentrations of CO2, unburned THC, NOx and 
PM at various engine loads, with the increase in engine load above a pilot diesel 
IMEP of 1.5 bar achieved by supplying the engine with CH4. For comparison 
purposes, in-cylinder concentrations obtained using H2 instead of CH4, and following 
the same experimental methodology, have also been included.  
Figure 5.9 (a) shows the CO2 concentration in gas samples at various engine loads 
extracted from the engine cylinder at 10, 25 and 40 CAD ATDC during the 
combustion cycle, with the two in-cylinder sampling arrangements (firstly, within 
and, secondly, between the diesel sprays as shown in Figure 5.2). The tests were 
conducted at a fixed diesel fuel flow rate and the increase in engine load was 
achieved by adding either H2 or CH4 to the intake charge. First, considering the 
addition of H2, at 10 CAD ATDC the CO2 concentrations were similar with the 
two sampling arrangements (Figure 5.2) and at all the engine loads. As combustion 
progressed (that is, from 10 to 25 CAD ATDC), the CO2 concentrations within the 
spray remained fairly high, whereas the CO2 levels in the gas samples obtained from 
between two sprays were relatively lower (Figure 5.9 (a-ii)). Interestingly, the CO2 
concentrations showed a gradual increase with increasing amount of H2 addition 
(Figure 5.9 (a)), despite the fact that carbon flow rate to the combustion chamber 
was fixed. This is most noticeable in the gas samples collected from the spray core 
at 25 CAD ATDC and could be due to the following reasons: 
Chapter 5                                   5.2 Results and discussion 
     
228 
  
 The addition of H2 in the intake manifold displaces some of the intake air, 
therefore reducing the flow rate of air through the engine.  
 Additionally, the H2 aspirated with the intake air is oxidized to water vapour 
in the engine, which is condensed by the emissions analyser system (Horiba 
emissions analyser rack) prior to measurement of CO2 in the gas sample, 
therefore reducing the total amount of exhaust gas. Since the carbon flow rate 
to the engine is fixed, the amount of CO2 produced by the diesel fuel could be 
expected to remain consistent. Therefore, it is suggested that the observed 
increase in the concentration of CO2 in the in-cylinder gas sample (Figure 5.9 
(a)) is a consequence of the reduced total flow rate of the exhaust gas.  
 A secondary, although less significant, possible reason for the increase in CO2 
emissions could be a slight increase in the combustion efficiency of diesel fuel 
as H2 addition increases, as an effect of increasing in-cylinder gas temperatures.  
 Considering now the addition of CH4 (Figure 5.9 (a)), the CO2 concentrations in 
the gas samples obtained from within the spray core and between the two sprays 
were very similar at all three sampling windows (10, 25 and 40 CAD ATDC) except 
at some engine loads at 10 CAD ATDC where the CO2 levels between sprays were 
slightly higher. Now, comparing the CO2 levels obtained with CH4 with those 
obtained with H2, the CO2 concentrations with CH4 were significantly higher than 
those obtained from H2. Since the diesel fuel flow into the engine is fixed, this 
difference in CO2 is due to the carbon in CH4 oxidizing to form CO2, whereas H2 is 
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being a carbon-free fuel does not produce any CO2. At 40 CAD ATDC, the CO2 
concentrations with the two sampling arrangements (Figure 5.2) and for both H2 
and CH4, decreased as the post-combustion gas products became diluted with 
unreacted air inside the combustion chamber. 
Figure 5.9 (b) shows the concentrations of unburned total hydrocarbons in gas 
samples at various engine loads, extracted from the engine cylinder at 10, 25 and 
40 CAD ATDC of the combustion cycle with the two in-cylinder sampling 
arrangements (Figure 5.2). Figure 5.9 (b) shows that, in the case of both H2 and 
CH4 addition, the concentrations of total hydrocarbons when sampling within the 
fuel spray were higher, at all engine loads, compared to the results obtained from 
co-combustion of either gaseous fuel (H2 or CH4), when sampling between two fuel 
sprays. In the fuel-dense core of the diesel spray, local average equivalence ratios 
are rich, due to limited air entrainment, especially during the initial stages of 
combustion (at 10 CAD ATDC in Figure 5.9 (b)), and thereby high THC 
concentrations are generated. The region in between two individual diesel sprays 
contains relatively low amounts of fuel vapour that have been swept around by the 
swirling air flow; hence this region is characterised by leaner diesel fuel equivalence 
ratios, leading to more complete combustion and lower THC concentrations. These 
observations are in agreement with similar gas sampling studies undertaken by 
other researchers who mapped out fuel distribution in diesel engine cylinders 
(Nightingale 1975; Bennethum et al. 1975; Rhee et al. 1978). It can also be observed 
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from Figure 5.9 (b) that the concentrations of THC, in the case of both H2 and 
CH4, decreased as combustion proceeded (i.e. from 10 to 25 CAD ATDC); this can 
be attributed to the enhanced mixing and consumption of diesel fuel, as the fuel 
spray was broken up and encountered hot unburned gases, resulting in higher rates 
of diesel fuel oxidation and lower unburned THC levels. 
Comparing the THC concentrations in gas samples obtained from H2-diesel fuel and 
CH4-diesel fuel co-combustion (Figure 5.9 (b)), the THC levels are considerably 
higher in the gas samples from CH4-diesel fuel co-combustion, most likely due to 
significant quantities of the CH4 remaining unreacted in the combustion chamber 
and persisting in the extracted in-cylinder gas sample. This is most noticeable at 
lower engine loads between 2 and 4 bar IMEP in Figure 5.9 (b), at all three sampling 
windows, and is likely to be attributable to low equivalence ratios (lean mixtures), 
and thereby increased quenching of the propagating CH4 flame front as a result of 
lower in-cylinder temperatures. As the engine load increased with the addition of 
CH4 and the in-cylinder CH4-air mixture progressed towards stoichiometric 
conditions, global in-cylinder temperatures increased resulting in improved 
hydrocarbon oxidation and, therefore, lower THC levels. A similar, albeit less 
significant, effect can also be seen with the decreasing levels of THC concentration 
when sampling within the spray core when H2 is progressively added to the intake 
charge (Figure 5.9 (b)). 
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Figure 5.9 (c) shows the NOx concentrations in the gas samples extracted from the 
engine cylinder at 10, 25 and 40 CAD ATDC during the combustion process, at 
various engine loads, with the two in-cylinder sampling arrangements relative to 
the diesel fuel sprays (Figure 5.2). In the case of both H2 and CH4, at 10 and 25 
CAD ATDC and at all engine loads, NOx concentrations were higher between the 
two sprays, as compared to those in the spray core. This may be due to local in-
cylinder temperatures being higher between the two sprays relative to the 
temperatures within the spray core (where O2 availability for combustion is limited), 
resulting in a higher rate of production of thermal NOx in the region between diesel 
fuel sprays, as observed by Talibi et al. (2014) and explained in the following 
paragraph. 
It can be expected that auto-ignition first occurs at the close-to-stoichiometric diesel 
fuel vapour-air pockets formed by the entrainment of diesel fuel vapour in the 
swirling motion of the air, especially in the regions between individual sprays (Dec 
1997). A near-homogenous mixture of intake charge (H2-air or CH4-air mixture) can 
also be expected to exist in the region between the individual diesel fuel sprays, 
and the combustion of premixed diesel vapour results in the ignition of the H2-
air/CH4-air mixture that is present around the diesel fuel ignition sites. It is possible 
that the temperature increase resulting from the combustion of H2/CH4 provides 
additional energy to the diesel flame temperature and accelerates NOx production. 
Therefore the existence of the near-homogenous mixture of H2-air or CH4-air in the 
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region between the two sprays can result in higher gas temperatures and, therefore, 
higher NOx formation rates (Figure 5.9 (c)). On the other hand, the lower NOx 
concentrations in the spray core (especially at 10 CAD ATDC) could be 
attributable to the relatively low concentration of air in the fuel rich core of the 
diesel fuel spray, resulting in reduced combustion rates and temperatures and, hence, 
lower NOx formation. 
Comparing the NOx concentrations at the sampling timings of 10 and 25 CAD 
ATDC, for both H2 and CH4 (Figure 5.9 (c)), an increase was observed in NOx 
levels in the spray core, while, between the two sprays, the NOx concentration 
remained at quite a similar level at both these sampling timings (10 and 25 CAD 
ATDC). The increase in NOx concentrations between 10 and 25 CAD ATDC in the 
spray core (Figure 5.9 (c)) could be attributed to the rich diesel spray core having 
broken up, as combustion progressed, and rapidly entraining the intake charge (H2-
air or CH4-air mixture). The combined diesel fuel-H2 (or CH4) mixture at 25 CAD 
BTDC is expected to have burned at higher temperatures relative to those at 10 
CAD, thereby raising NOx formation rates. 
Comparing the NOx concentrations between H2-diesel fuel and CH4-diesel fuel co-
combustion, it can be seen from Figure 5.9 (c) at 10 and 25 CAD ATDC, that the 
NOx levels in the in-cylinder gas samples obtained from H2 combustion were 
considerably higher than those from CH4 combustion. This can be attributed to the 
higher in-cylinder gas temperatures reached when burning H2, as the adiabatic 
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flame temperature of H2 is higher than that of CH4, thereby resulting in higher NOx 
formation rates. At later stages of combustion, i.e. 40 CAD ATDC, it is believed 
that the effects of air swirl and reverse squish flow (Heywood 1988; Zhao et al. 1996) 
promoted the redistribution of in-cylinder gaseous composition towards near 
homogenous conditions in the engine cylinder, and therefore similar NOx 
concentrations between the four test conditions (Figure 5.9 (c)). 
Figure 5.9 (d) shows the concentration of particulate matter in in-cylinder gas 
samples, at various engine loads at 10, 25 and 40 CAD ATDC during combustion, 
with the two in-cylinder sampling arrangements (Figure 5.2). Considering, first, the 
effect of H2 addition on PM concentration, the PM levels in the gas samples 
extracted from within the fuel spray were higher, at all engine loads, compared to 
those obtained from between the two fuel sprays. As discussed previously in the 
case of THC concentrations (Figure 5.9 (b)), this could be attributed to the higher 
fuel pyrolysis and soot formation rates in the oxygen-lacking, fuel-rich core of the 
diesel spray. Interestingly, the trend is reversed when considering the effect of CH4 
addition on PM concentration. PM levels were significantly higher in the region 
between the two diesel fuel sprays relative to within the fuel spray itself, as can be 
seen in Figure 5.9 (d), at all engine loads and all three sampling timings. It is 
suggested that this could be attributable to CH4 producing significant quantities of 
particulates, in addition to the particulates formed solely from diesel fuel. The 
region between the two diesel fuel sprays can be expected to have a higher 
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concentration of CH4-air mixture than in the diesel fuel-rich spray core, resulting 
in higher gas temperatures, and higher pyrolysis rates, in the region between the 
two sprays. Within the spray core, concentration of the CH4-air mixture is relatively 
low, resulting in lower temperatures and possibly reduced pyrolysis and soot 
formation rates. Therefore, it is tentatively suggested that a greater abundance of 
H2-air or CH4-air mixture between the two diesel fuel sprays causes higher local 
temperatures and pyrolysis rates than in the spray core itself, where the levels of 
H2-air or CH4-air mixture are relatively low. There is some evidence for this in the 
higher concentration of thermal NOx present between the sprays (as shown in 
Figure 5.9 (c)), which is indicative of higher gas temperatures between sprays 
relative to within the spray. Alternatively, it could also be tentatively suggested 
that the presence of CH4 in the diesel fuel spray core tends to displace O2, thereby 
reducing diesel fuel combustion and lowering temperatures, and resulting in lower 
pyrolysis reaction rates in the spray core region. 
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 In-cylinder gas sample composition (using CH4-H2 mixtures) 
Figure 5.10 shows the CO2 concentration in gas samples extracted from the engine 
cylinder at various CAD degrees ranging between -20 CAD and 100 CAD ATDC, 
with the two sampling arrangements (Figure 5.2). The amount of diesel fuel being 
injected into the cylinder was kept fixed (equivalent to 1.5 bar pilot diesel IMEP), 
and the overall engine load of 4 bar IMEP achieved by aspirating the necessary 
amount of CH4-H2 mixture with the intake air. At -20 CAD ATDC, the CO2 
concentration is quite similar at the four test conditions; this is expected, since at 
this time in the engine cycle no diesel fuel has been injected in to the cylinder, nor 
has combustion taken place. Furthermore, the CO2 concentration at -20 CAD 
ATDC reflects the composition of the residual combustion gases trapped in the 
cylinder from the preceding engine cycle. After diesel fuel injection (at -10 CAD 
Figure 5.10: Measurement of carbon dioxide (CO2) concentration in in-cylinder gas 
samples collected between -20 and 100 CAD ATDC with two sampling arrangements 
(Figure 5.2), at a fixed pilot diesel fuel IMEP of 1.5 bar, two different CH4-H2 mixture 
proportions and an overall engine load of 4 bar IMEP 
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ATDC) and subsequent ignition (at about 0 CAD ATDC) takes place, the in-
cylinder CO2 concentration is observed to rise sharply. First, comparing the in-
cylinder CO2 concentration (post ignition, at about 20 CAD ATDC), between the 
two different CH4-H2 mixture proportions used, it can be seen from Figure 5.10 that 
mixtures with a higher proportion of CH4 (than H2) yield a higher amount of CO2. 
Now, comparing the post ignition in-cylinder CO2 concentration between the two 
sampling arrangements, it can be observed that, for both CH4-H2 mixtures, the CO2 
concentration is higher between the sprays than in the spray core. These results are 
in line with the previous results obtained using CH4-diesel fuel co-combustion 
whereby a higher in-cylinder CO2 concentration was observed between the sprays 
as compared to within the spray core (Section 5.2.5). Therefore, considering the 
differences in the CO2 concentrations, the region in between two diesel fuel sprays 
could be expected to have a higher concentration of CH4-air mixture which burns 
to form CO2. In contrast, the lower CO2 concentration within the diesel spray core 
region could be attributed to the lack of air entrainment in the fuel spray, especially 
during the initial stages of combustion. Furthermore, the difference in the in-
cylinder CO2 concentrations could just be due to the relative amounts of carbon in 
the injected diesel fuel (to achieve a pilot diesel IMEP of 1.5 bar) and in the 
aspirated CH4. Beyond 20 CAD ATDC, the CO2 concentration at the four test 
conditions slowly decreases as the expansion stroke progress and the burned gas 
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products become further diluted with the unreacted intake air that moves from 
within the piston bowl to the region above the piston. 
Figure 5.11 shows the CO concentration in gas samples extracted from the engine 
cylinder at various CAD degrees ranging between -20 CAD and 100 CAD ATDC, 
for the two CH4-H2 mixture proportions and with the two sampling arrangements 
(Figure 5.2). The in-cylinder CO concentration increases significantly following 
ignition at about 0 CAD ATDC, as the burning process initiates and carbon 
oxidation begins. Peak CO levels are reached at about 10 CAD ATDC and, as 
expected, the CO concentration is higher when the aspirated CH4-H2 mixture 
contains a higher proportion of CH4. The CO concentration is then observed to 
decrease sharply between 10 and 20 CAD ATDC, which is consistent with the 
Figure 5.11: Measurement of carbon monoxide (CO) concentration in in-cylinder gas 
samples collected between -20 and 100 CAD ATDC with two sampling arrangements 
(Figure 5.2), at a fixed pilot diesel fuel IMEP of 1.5 bar, two different CH4-H2 mixture 
proportions and an overall engine load of 4 bar IMEP 
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increase in the in-cylinder CO2 concentration between 10 and 20 CAD ATDC 
(Figure 5.10), as the CO oxidises to form CO2. Comparing the peak CO levels (at 
10 CAD ATDC) between the two sampling arrangements, it can be observed that 
the CO concentration is higher within the spray core when the aspirated CH4:H2 
mixture has a higher proportion of CH4. In contrast, when the CH4:H2 mixture 
being supplied to the engine has a higher proportion of H2, the CO concentration 
is lower within in the spray core. 
Figure 5.12 shows the unburned THC concentration in gas samples extracted from 
the engine cylinder at various CAD degrees ranging between -20 CAD and 100 
CAD ATDC, for the two CH4-H2 mixture proportions and with the two sampling 
arrangements (Figure 5.2). At -20 CAD ATDC, prior to diesel fuel injection, the 
in-cylinder THC concentration is higher for a 80CH4:20H2 mixture as compared to 
Figure 5.12: Measurement of unburned hydrocarbon (THC) concentration in in-cylinder 
gas samples collected between -20 and 100 CAD ATDC with two sampling arrangements 
(Figure 5.2), at a fixed pilot diesel fuel IMEP of 1.5 bar, two different CH4-H2 mixture 
proportions and an overall engine load of 4 bar IMEP 
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a 20CH4:80H2 mixture, due to higher proportion of CH4 in the aspirated mixture. 
A slight anomaly is observed in the results for 80CH4:20H2 at -20 CAD ATDC, 
whereby a higher THC concentration is observed in the region of the diesel fuel 
spray core even before diesel injection occurs. This could be due to diesel fuel 
persisting in the spray core region from the previous cycle, but a similar result is 
not observed in the case of 20CH4:80H2 mixture. Following ignition at about 0 CAD 
ATDC, a sharp decrease in THC concentration is observed (up to 20 CAD ATDC) 
as the diesel fuel and CH4 are consumed. However, a higher concentration of 
unburned THC is maintained for mixture of 80CH4:20H2 beyond 20 CAD ATDC. 
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Figure 5.13 shows the NOx concentration in gas samples extracted from the engine 
cylinder at various CAD degrees ranging between -20 CAD and 100 CAD ATDC, 
for the two CH4-H2 mixture proportions and with the two sampling arrangements 
(Figure 5.2). Following ignition at about 0 CAD ATDC, NOx concentrations are 
observed to increase and reach peak values at about 20 CAD ATDC. Comparing 
the in-cylinder NOx concentration between the two CH4-H2 mixtures with both the 
sampling arrangements, it can be observed that NOx levels are higher when H2 is 
present in a greater proportion in the aspirated CH4-H2 mixture. As previously 
discussed, H2 exhibits a shorter ignition delay, combusting closer to TDC and 
resulting in higher gas temperatures reached inside the cylinder. Since NOx 
formation is primarily a thermal process (Zeldovich et al. 1947; Bowman 1973; 
Figure 5.13: Measurement of oxides of nitrogen (NOx) concentration in in-cylinder gas 
samples collected between -20 and 100 CAD ATDC with two sampling arrangements 
(Figure 5.2), at a fixed pilot diesel fuel IMEP of 1.5 bar, two different CH4-H2 mixture 
proportions and an overall engine load of 4 bar IMEP 
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Miller & Bowman 1989), higher in-cylinder gas temperatures can be expected to 
result in higher NOx formation rates. 
Now, comparing the NOx concentration between the two sampling arrangements 
(within the diesel fuel spray core and between two sprays) at 20 CAD ATDC, it 
can be observed from Figure 5.13, for both CH4-H2 mixture proportions, that NOx 
levels are higher in the region between the two sprays as compared to within the 
spray core. These results are consistent with the in-cylinder NOx concentration 
results obtained from H2-diesel fuel and CH4-diesel fuel co-combustion experiments 
conduction previously by the author (Section 5.2.5). During the initial stages of 
combustion, the entrainment of air into the diesel fuel spray cone due to the 
turbulent swirling motion inside the cylinder results in the mixing of the fuel vapour 
at the periphery of the spray with the intake charge, especially in the region 
between the individual sprays (Gatts et al. 2010). As mentioned previously, it is 
expected that autoignition first occurs at these near stoichiometric diesel fuel 
vapour-air pockets around the fuel sprays (Dec 1997) and results in the rapid 
burning of both premixed diesel vapour and the CH4/H2-air mixtures (which occur 
in a higher concentration between fuel sprays as compared to within the spray core 
during these initial stages of combustion) around the diesel fuel ignition sites. It is 
suggested that the temperature rise from the combined diesel fuel-CH4-H2 
combustion exceeds the threshold for accelerated thermal NOx formation, resulting 
in high NOx levels in the region between two individual sprays. On the other hand, 
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the lower NOx concentration in the spray core (at about 20 CAD ATDC) could 
possibly be attributed to the relatively low concentration of entrained air into the 
diesel fuel rich spray core during the initial stages of combustion (prior to complete 
spray break up), resulting in lower post-combustion temperatures and hence, 
reduced NOx formation. Additionally, some of the energy released in this fuel rich 
region may be expected to have been absorbed for fuel pyrolysis (Heywood 1988), 
possibly leading to lower gas temperatures and NOx formation rates. 
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 Conclusions 
 The use of CH4-H2 mixtures in internal combustion engines has the potential 
to combine the many complimentary properties of the individual gases in 
order to yield beneficial effects on engine combustion and emission 
characteristics. 
 For same CH4-H2 mixture proportion and engine load, shorter ignition delay 
periods and higher peak heat release rates closer to the engine TDC position 
were observed with a higher amount of pilot diesel fuel flow rate. Increasing 
the proportion of H2 in the CH4-H2 mixture reduced the ignition delay period 
and increased peak heat release rates, but only at high engine loads above 6 
bar IMEP. 
 At all engine loads, exhaust CO2 emissions were considerably lower when 
operating the engine on CH4-H2 mixtures relative to diesel fuel only engine 
operation, attributable to the lower carbon to hydrogen ratio of CH4 compared 
to diesel fuel. 
 For all CH4-H2 mixtures tested, the exhaust CO and unburned THC emissions 
were observed to be considerably high below 4 bar IMEP due to low 
temperature quenching effects. Above 4 bar IMEP, the increased in-cylinder 
temperatures enabled improved CO and hydrocarbon oxidation rates and 
hence, decreased CO and unburned THC emissions. 
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 For both fixed pilot diesel fuel IMEPs of 0 bar and 1.5 bar, NOx emissions 
were observed to increase rapidly with increasing engine load, but only when 
the in-cylinder temperatures due to combined diesel fuel and CH4-H2 mixture 
combustion exceeded the threshold for NOx formation temperatures. 
 Significant reductions in PM emissions were observed when diesel fuel was 
replaced with CH4-H2 mixtures. For a fixed pilot diesel IMEP, the magnitude 
of PM reduction increased when the engine load was increased up to 5 bar 
IMEP (by increasing the supply of CH4-H2 mixture). Increasing the engine 
load above 5 bar IMEP, significantly lowered the magnitude of PM reduction, 
attributable to excessive displacement of intake O2 by the CH4-H2 mixture. 
 At 10 and 25 CAD ATDC, the in-cylinder NOx concentrations in the region 
between the two diesel fuel sprays were higher than those within the fuel 
spray, in the case of both H2-diesel fuel and CH4-diesel fuel co-combustion. 
This could be attributed to a higher concentration of intake charge (H2-air or 
CH4-air mixture) burning between the sprays, leading to higher gas 
temperatures in this region relative to the fuel rich spray core. 
 In the case of H2-diesel fuel co-combustion, the in-cylinder PM levels were 
higher in the diesel fuel spray as compared to between two sprays, most 
probably due to higher pyrolysis rates in the oxygen-lacking, fuel-rich core of 
the diesel fuel spray, and greater availability of air (and hence O2) in the 
region between sprays for oxidation of soot precursors. Conversely, in the case 
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of CH4-diesel fuel co-combustion, the in-cylinder PM levels were significantly 
higher between the two diesel fuel sprays relative to within the fuel spray. 
This was attributed to CH4 contributing significant quantities of particulates 
(unlike H2) to the total PM concentration produced from the CH4-diesel fuel 
mixture in between two sprays aided by higher temperatures in this region.  
 The in-cylinder gas composition results obtained from CH4-H2 mixtures were 
consistent with previous in-cylinder studies conducted by the author using 
only H2 or CH4. Higher NOx levels were observed when the H2 was present in 
a higher proportion in the aspirated CH4-H2 mixture. Comparing the NOx 
levels obtained with the two sampling arrangements, the NOx concentration 
was higher in the region between the sprays as compared to within the spray 
core. This was attributed to higher temperatures reached post ignition, in the 
region between two individual fuel sprays due to presence of a higher 
concentration of CH4-H2 mixture in that region (as compared to within the 
spray core). 
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 Experimental investigation on the combustion 
and exhaust emission characteristics, and in-
cylinder gas composition, of hydrogen enriched 
biogas mixtures in a diesel engine 
This chapter presents the experiments conducted with a variety of CH4-CO2 and 
CH4-CO2-H2 mixtures to investigate their combustion and emission characteristics 
in a diesel engine. While the CH4-CO2 mixtures represented typical biogas mixture 
compositions, CH4-CO2-H2 mixtures were tested to determine whether the thermal 
energy absorbing effects of the inert CO2 in biogas on combustion could be 
countered by H2. Additionally, tests were conducted to analyse the in-cylinder gas 
composition when combusting CH4-CO2 and CH4-CO2-H2 mixtures, with two 
different in-cylinder sampling arrangements relative to the diesel fuel sprays. 
Finally, some exhaust emission tests were also conducted with real biogas samples 
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obtained from a commercial anaerobic digester, which utilised animal manure as 
organic waste to produce biogas. 
 Experimental procedure 
The experiments discussed in this chapter were conducted on the single cylinder 
engine utilising the common rail fuel injection system for diesel fuel injection and 
the gas mass flow controller system for delivering metered quantities of methane 
(CH4), carbon dioxide (CO2) and hydrogen (H2) to the engine. These systems have 
been described in detail in Chapter 3 of this thesis. All the experiments were carried 
out at a constant engine speed of 1200 rpm, common rail fuel injection pressure of 
900 bar and a diesel fuel injection timing of 10 CAD BTDC. The diesel fuel used 
for all tests was of fossil origin, with zero fatty acid methyl ester (FAME) content, 
cetane number of 53.2 and carbon to hydrogen ratio of 6.32:1 by mass. Compressed 
CH4 gas of purity 99.5%, and compressed H2 and compressed CO2 gases, each of 
purity 99.995%, were obtained from a commercial gas supplier (BOC). 
 Experimental set 1: Exhaust emission tests (using CH4-CO2-H2 
mixtures) 
The test procedure followed for these set of tests consisted of fixing the flow rate 
of diesel fuel supplied to the engine (pilot diesel flow rate), while gradually 
increasing the amount of CH4-CO2-H2 mixture being delivered to the engine so as 
to increase the engine load (power output measured in bar IMEP), at constant 
engine speed. The fossil diesel fuel was primarily used for the purpose of igniting 
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the gaseous CH4-CO2-H2 mixture, while the purpose of the gaseous fuel mixture was 
to deliver engine power output. The diesel fuel flow rate was kept fixed by 
maintaining a constant engine load, henceforth referred to as the pilot diesel fuel 
IMEP. Two series of tests were conducted with two different pilot diesel fuel flow 
rates which were sufficient to develop engine loads of 0 bar and 1.5 bar, respectively. 
For a pilot diesel fuel only IMEP of 0 bar, no heat release could be discerned from 
the analysis of in-cylinder gas pressure. Therefore the diesel flow rate, equivalent 
to a pilot diesel fuel IMEP of 0 bar, was taken to be minimum flow rate for which 
spray was just emerging from the diesel fuel injector nozzle, and was not only 
sufficient to ignite in the engine cylinder but also cause ignition of the aspirated 
CH4-CO2-H2 mixture at all engine loads up to 7 bar IMEP. 
For each of the two pilot diesel IMEPs, the above procedure was repeated for 
different CH4-CO2 and CH4-CO2-H2 mixtures (henceforth, collectively termed as 
CH4-CO2-H2 mixtures), which have been detailed in Table 6.1. The two different 
mixture proportions tested, 60CH4:40CO2 (v/v) and 80CH4:20CO2 (v/v), represent 
typical biogas qualities: biogas which has been obtained directly from anaerobic 
digesters and biogas which has undergone post-production CO2 scrubbing, 
respectively. H2 was added to the CH4-CO2 mixture in two different proportions, 
5% and 15% v/v; at a 5% H2 addition level, the in-cylinder H2-air stoichiometry 
would be too lean to produce a significant change in temperature upon H2 
combustion. Hence, at this level of H2 addition, any apparent effect of H2 would 
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either be due to substitution or chemical synergy with the CH4-CO2 mixture. For 
all H2 addition levels, the relative proportions of CH4 and CO2 were maintained. 
Table 6.1 also shows the percentage ratio of each of the gases in the mixtures being 
used in these experiments. Table 6.2 shows the important properties of the fuels 
and gases utilised in these experiments. Figure 6.1 (a) and (b) shows the energy 
supplied to the engine from the different CH4-CO2-H2 mixtures as a function of the 
total energy supplied to the engine (energy from the CH4-CO2-H2 mixtures plus 
diesel), for the two pilot diesel fuel IMEPs of 0 bar and 1.5 bar. 
An additional series of baseline (control) tests were carried out, for comparison, 
using diesel fuel only (without any CH4-CO2-H2 mixture addition), with the diesel 
fuel injection period (and hence the diesel fuel flow rate delivered to the engine) 
gradually increased so that the engine load increased from 0 to 7 bar IMEP. 
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Pilot 
diesel  
(bar 
IMEP) 
Diesel 
fuel 
flow 
rate 
(ml/ 
min) 
Aspirated 
mixture  
ratio (v/v) 
CH4:
CO2:
H2 
ratio 
(v/v) 
CH4 
flow 
rate 
(l/ 
min) 
CO2 
flow 
rate 
(l/ 
min) 
H2 
flow 
rate  
(l/ 
min) 
IMEP 
(bar) 
0 1.40 
60CH4:40CO2 
60:40:
0 
8.5 - 
13.7 
5.7 - 
9.1 
0 
0 - 7 
60CH4:40CO2 
+ 5% H2 
57:38:
5 
8.1 - 
13.1 
5.4 - 
8.8 
0.7 - 
1.2 
60CH4:40CO2 
+ 15% H2 
51:34:
15 
7.2 - 
12.2 
4.8 - 
8.1 
2.1 - 
3.6 
80CH4:20CO2 
80:20:
0 
8.0 - 
13.0 
2.0 - 
3.3 
0 
80CH4:20CO2 
+ 5% H2 
76:19:
5 
7.6 - 
12.6 
1.9 - 
3.2 
0.5 - 
0.8 
80CH4:20CO2 
+ 15% H2 
68:17:
15 
7.1 - 
12.2 
1.8 - 
3.0 
1.6 - 
2.7 
1.5 3.65 
60CH4:40CO2 
60:40:
0 
1.6 - 
11.1 
1.1 - 
7.4 
0 
1.5 - 7 
60CH4:40CO2 
+ 5% H2 
57:38:
5 
1.7 - 
10.5 
1.1 - 
7.0 
0.5 - 
0.9 
60CH4:40CO2 
+ 15% H2 
51:34:
15 
1.6 - 
10.0 
1.1 - 
6.6 
0.5 - 
2.9 
80CH4:20CO2 
80:20:
0 
4.0 - 
10.2 
1.0 - 
2.5 
0 
80CH4:20CO2 
+ 5% H2 
76:19:
5 
6.1 - 
10.6 
1.5 - 
2.7 
0.4 - 
0.7 
80CH4:20CO2 
+ 15% H2 
68:17:
15 
4.1 - 
9.3 
1.0 - 
2.5 
0.9 - 
2.2 
Table 6.1: Test parameter matrix for the exhaust emission experiments 
 
 
 
 
Chapter 6                                   6.1 Experimental procedure 
     
251 
  
Property 
Lower heating 
value (MJ/kg) 
Density 
(kg/m3) 
Diesel fuel 43.14 831.9 
Methane (CH4) 50 0.66 
Carbon dioxide (CO2) - 1.91 
Hydrogen (H2) 120 0.0838 
Table 6.2: Important properties of diesel fuel, CH4, CO2 and H2 at 1 atm and 
300 K (Karim 2003; Saravanan & Nagarajan 2008a)  
 
 Experimental set 2: In-cylinder gas sampling tests (using CH4-CO2-
H2 mixtures) 
 A further set of experiments was carried out utilising the in-cylinder gas sampling 
system on the single cylinder engine; for the in-cylinder sampling experiments the 
diesel fuel flow rate was fixed so as to provide a constant pilot diesel fuel IMEP of 
1.5 bar. At an engine load of 1.5 bar IMEP, and with no CH4, CO2 or H2 addition, 
only negligible levels of NOx were measured in the exhaust gases. Therefore, in the 
course of the in-cylinder sampling experiments, it could be assumed that any 
observed NOx could be primarily attributed to the presence of CH4-CO2-H2 mixtures 
Figure 6.1: Percentage energy supplied to the engine from the different CH4-CO2 and CH4-CO2-
H2 mixtures for (a) 0 bar and (b) 1.5 bar pilot diesel IMEP, at various engine loads (IMEP) 
(a) (b) 
0 bar pilot diesel IMEP 1.5 bar pilot diesel IMEP 
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generating NOx on their own account or in synergy with the diesel fuel. Meanwhile, 
an engine load of 1.5 bar IMEP indicated that sufficient diesel fuel was being 
supplied to the engine for the development of measurable heat release from diesel 
only combustion. 
The tests were conducted at engine loads of 3, 4, 5 and 5.5 bar IMEP by supplying 
the necessary amount of CH4-CO2-H2 mixture to the engine to increase the engine 
load beyond the pilot diesel fuel IMEP of 1.5 bar. Two CH4-CO2-H2 mixtures of 
60CH4:40CO2 (v/v) and 60CH4:40CO2 + 15% H2 (v/v) were used to investigate the 
effect of adding H2 to CH4-CO2 mixtures, on the in-cylinder gas composition. 
During these tests, gas samples were extracted from the engine cylinder at two 
distinctly different locations, relative to one of the six injector nozzle diesel fuel 
sprays. Figure 6.2 shows the two relative sampling arrangements with respect to 
the injector sprays. The first location, relative to the spray, was a region of high 
diesel fuel concentration within the core of the diesel fuel spray, while the second 
location, relative to the spray, was an area of relatively low diesel fuel concentration 
between two spray cones. Since the absolute location of the sampling valve in the 
engine head was fixed, the change in the sampling arrangement, relative to the 
diesel fuel sprays, was achieved through rotation of the centrally-located injector. 
The locations of relatively high and low diesel fuel concentration were 
experimentally determined by rotating the diesel fuel injector in small steps and 
measuring the in-cylinder gas composition (in particular the levels of unburned 
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hydrocarbons) at each injector rotation. This methodology allowed approximate 
spray core boundaries to be sketched, as by means of broken lines shown in Figure 
6.2. 
For each of the two relative sampling arrangements, gas samples were extracted at 
three sampling windows in the engine cycle: (a) during the premixed stage of 
combustion (at 10 CAD ATDC); (b) during the early diffusion combustion stage 
(at 25 CAD ATDC); and (c) during the late burning stage (at 40 CAD ATDC). 
Table 6.3 lists the sampling valve crank angle timings and the sampling durations, 
within the engine cycle. It can be seen from Table 6.3 that the duration of the 
sampling window increases as the engine cycle progresses, in response to decaying 
in-cylinder gas pressure. Post combustion, the in-cylinder gas pressure decreases 
quite rapidly, and so does the flow rate through the valve sampling valve opening 
(if the sampling duration were to be kept constant). Hence, in order to obtain a 
sufficient volume of gas sample (for the analysers) the valve had to be kept open 
for a longer duration. At each sampling crank angle window, a voltage of 100 V 
was applied to the solenoid; this voltage is larger compared to the voltages used 
during the sampling valve bench tests (described in Chapter 3), as in the engine 
the in-cylinder gas pressures reached much higher values (60-70 bar) than the 
pressures that could be applied on the sampling valve face during the bench tests 
(maximum 40 bar). 
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Sampling timing (middle 
of sampling window) 
(CAD ATDC) 
Duration of sampling 
window (CAD) 
10 6 
25 10 
40 15 
Table 6.3: In-cylinder gas sample extraction timings in CAD ATDC 
during the engine cycle and the corresponding sampling windows in CAD 
 
 
 
 
 
  
 
 
 
(a) (b) 
Figure 6.2: Schematic showing (a) sampling arrangement one and (b) sampling arrangement two 
relative to the diesel fuel sprays; changes to the position of the spray relative to the valve location 
was achieved by rotating the fuel injector 
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 Experimental set 3: Exhaust emissions from real biogas 
An additional set of tests were carried out using real biogas samples obtained from 
an anaerobic digester manufactured by Sistema Biobolsa (Biobolsa 2015). The pre-
fabricated biodigester is a continuous flow reactor designed for small and medium 
sized farms, and converts organic waste, such as animal manure, into biogas (Figure 
6.3). 
Two different samples of real biogas were tested with measured proportions of 
54CH4:40.5CO2 and 48CH4:29CO2, with the balance assumed to be made up of inert 
components (Table 6.4).The biogas was collected in Tedlar bags, and delivered to 
the engine via a positive displacement gas pump, at a constant flow rate of 4.6 
l/min (which was the maximum achievable with the available gas pump). The 
engine load was varied by changing the diesel fuel injection period (and hence the 
diesel fuel flow rate delivered to the engine) to vary the engine load between 3 and 
7 bar IMEP. The exhaust emissions from the biogas-diesel fuel combustion were 
Figure 6.3: Schematic of the Sistema Biobolsa biodigester system, including 
feed stocks and use of outputs (Biobolsa 2015). 
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compared with diesel fuel only combustion at the same engine loads, to determine 
any effect of displacing diesel fuel by biogas on exhaust emissions. 
Sample 
name 
CH4:CO2* 
mixture  
ratio (v/v) 
Biogas flow 
rate 
(l/min) 
Diesel fuel 
flow rate 
(ml/min) 
Engine 
load (bar 
IMEP) 
Biogas 1 54CH4:40.5CO2 4.6 6.5 - 12.7 3 - 7 
Biogas 2 48CH4:29CO2 4.6 6.7 - 12.6 4 - 7 
Table 6.4: Test parameter matrix for biogas-diesel fuel co-combustion tests (*the balance 
was assumed to be made up of inert components) 
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 Results and discussion 
 Combustion characteristics 
Figure 6.4 shows the heat release rate curves for a pilot diesel fuel IMEP of 0 bar 
and supplying the engine with different CH4-CO2-H2 mixtures, to achieve the 
required engine load of 4 bar IMEP. The graph also shows the heat release rate 
curve at the same engine load of 4 bar IMEP when the engine is operating on only 
diesel fuel. First, comparing the heat release rate curve of diesel only engine 
operation with that of diesel fuel pilot ignited CH4-CO2-H2 mixtures, it can be 
observed that the rate of increase of heat release post ignition is considerably faster 
in the case of only diesel, resulting in higher peak heat release rates closer to engine 
TDC. For diesel only combustion, an appreciable amount of diesel fuel-air mixture, 
prepared during the ignition delay period, is available for combustion and burns at 
diesel fuel stoichiometric flame propagation speeds. On the other hand, for a pilot 
Figure 6.4: Heat release rate curves for an engine load of 4 bar IMEP, for a pilot diesel 
fuel IMEP of 0 bar and various CH4-CO2-H2 mixture proportions (v/v) 
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diesel IMEP of 0 bar, the in-cylinder CH4-CO2-H2 mixtures are significantly leaner 
(φH2 = 0.018 and φCH4 = 0.36 for 80CH4:20CO2 + 15% H2 mixture at a total engine 
load of 4 bar IMEP), and hence the developed multiple flame fronts travel at 
considerably lower velocities than achievable with stoichiometric combustion. This 
results in slower rates of release of energy, lower peak heat release rates occurring 
further away from TDC and relatively longer combustion durations (Figure 6.4). 
Another interesting point to note is that for diesel only combustion, the two distinct 
stages of premixed combustion and diffusion controlled burning can be clearly 
distinguished from the heat release rate curve, whereas in the case of CH4-CO2-H2 
mixture combustion, the heat release curve appears as a prolonged premixed stage 
(that is, there is an obscure diffusion burning stage). This is because the aspirated 
CH4-CO2-H2 mixture can be assumed to be mixed almost homogenously with the 
intake air, and burns gradually with multiple flame propagation fronts which have 
been pilot ignited by the diesel fuel. 
Now, considering the heat release rate curves for the two CH4-CO2 mixtures shown 
in Figure 6.4, it can be seen that the rate of increase of heat release is higher for 
the 80CH4:20CO2 mixture, as compared to the 60CH4:40CO2 mixture, resulting in 
slightly higher peak heat release rates, considerably closer to engine TDC. CO2 acts 
as an inert gas in the combustion chamber, absorbing energy from the combustion 
flame and severely curtailing burning velocities (Bari 1996). Therefore, the effect of 
CO2 of slowing down the rate of combustion is more apparent in aspirated mixtures 
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with a higher proportion of CO2 (60CH4:40CO2). The inclusion of 15% H2 in each 
of the CH4-CO2 mixtures tends to increase the peak heat release rate somewhat, 
which can be attributed to the H2 burning at a higher flame temperatures as 
compared to CH4.  
Figure 6.5: Combustion characteristics for the two pilot diesel fuel IMEPs of 0 and 1.5 bar, at 
various engine loads and CH4-CO2-H2 mixture proportions: (a) and (b) duration of ignition delay; 
(c) and (d) time of peak heat release rate; (e) and (f) peak heat release rates  
(d) (c) 
(e) (f) 
0 bar pilot diesel IMEP 1.5 bar pilot diesel IMEP 
(a) (b) 
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Figure 6.5 shows the ignition delay period, time of peak heat release and the peak 
heat release rates for the two pilot diesel fuel IMEPs of 0 bar and 1.5 bar, at a 
variety of engine loads and CH4-CO2-H2 mixture proportions. For comparison 
purposes, Figure 6.5 also shows the ignition delay, time of peak heat release and 
peak heat release rates when the engine load was increased without any CH4, CO2 
or H2 addition, that is, by merely increasing the amount of diesel fuel injected. 
Ignition delay is defined here as the duration in CAD between the start of diesel 
fuel injection (SOI) and the start of combustion (SOC). SOI is taken to be the time 
when the actuation signal is sent to the injector, whereas the SOC is defined as the 
first incidence of detectable heat release following autoignition of the diesel fuel. It 
is important to reiterate here that the increase in IMEP, above the pilot diesel fuel 
IMEP, is achieved by delivering increasing amounts of CH4-CO2-H2 mixtures to the 
engine. 
Firstly, it can be observed in Figure 6.5 that the ignition delay period for both pilot 
diesel fuel IMEPs of 0 bar and 1.5 bar, and at all engine loads, is significantly higher 
for CH4-CO2-H2 mixture combustion as compared to diesel only combustion. This 
can be explained, in general, by the reduction in local O2 availability due to 
displacement by the aspirated CH4-CO2-H2 mixtures. Additionally, this difference 
in the ignition delay period could be attributed to diesel fuel burning at close to 
stoichiometric conditions, while the aspirated CH4-CO2-H2 mixture being 
significantly below stoichiometric levels. Secondly, comparing the ignition delay 
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period between the two pilot diesel fuel IMEPs, it can be seen from Figure 6.5 that 
the ignition delay period is generally smaller for the higher quantity of pilot diesel 
fuel (that is, for 1.5 bar pilot diesel IMEP), due to the presence of larger number 
of diesel ignition sites and multiple flame propagation fronts, which promote CH4-
CO2-H2 mixture ignition. Thirdly, considering the two annotated CH4-CO2 mixtures 
in Figure 6.5 (a) and (b), it can be observed, for a pilot diesel IMEP of 1.5 bar, 
that the ignition delay period is higher for the 60CH4:40CO2 mixture, as compared 
to 80CH4:20CH4 mixture, which could be attributed to the inert CO2 interfering 
with the low temperature fuel breakdown molecular dynamics and chemical 
reactions by absorbing heat energy. These breakdown reactions are responsible for 
producing reactive radical species and escalating reaction rates and temperatures, 
leading to autoignition. However, for a pilot diesel IMEP of 0 bar, the trend is 
reversed with the 60CH4:40CO2 mixture exhibiting smaller ignition delay periods 
above 4 bar IMEP engine load, as compared to the 80CH4:20CO2 mixture. Finally, 
considering the effect on ignition delay period of adding H2 to the two CH4-CO2 
mixtures, it can be seen from Figure 6.5 that the ignition delay increases only for 
the 15% H2 inclusion case, for both pilot diesel fuel IMEP conditions. The increase 
in ignition delay for low H2 addition levels was also observed in the case of H2-diesel 
fuel co-combustion (Chapter 5) and was attributed to the reduction in the O2 
concentration of the intake charge, as the intake air was displaced by the aspirated 
H2. For the current case of CH4-CO2-H2 mixtures, the H2 that was included in the 
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CH4-CO2 mixture displaced some of the CH4. Since the calorific value per unit 
volume of H2 is lower than that of CH4 (Table 6.2), a higher amount of H2 is needed 
as compared to CH4 to achieve the same engine load. Therefore, it follows that the 
H2 displaced a relatively higher amount of O2 as compared to CH4 resulting in an 
increase in ignition delay. 
From Figure 6.5 (c) and (d), it can be observed that the difference in the time of 
peak heat release rate (tPHRR) between 60CH4:40CO2 and 80CH4:20CO2 mixtures, 
at both pilot diesel IMEPs, is significantly more than the difference in the ignition 
delay period. As discussed earlier for Figure 6.4, the higher proportion of inert CO2 
in the 60CH4:40CO2 mixture reduces in-cylinder gas temperatures, thereby 
decreasing flame propagation velocities and prolonging the time taken to achieve 
peak heat release rates.  
Figure 6.5 (e) and (f) shows that the peak heat release rates are lower for CH4-CO2-
H2 mixture combustion as compared to diesel only combustion, at both pilot diesel 
IMEPs and at all engine loads. This could be in part due to the in-cylinder CH4-air 
and H2-air mixtures being well below stoichiometric levels, and in part due to the 
energy absorbing effect of the inert CO2. The only exception to this are the peak 
heat release rates for CH4-CO2-H2 mixtures at an engine load of 7 bar IMEP for a 
pilot diesel IMEP of 1.5 bar, which are comparable to diesel only peak heat release 
rates at the same engine load (Figure 6.5 (f)). It can also be seen for both pilot 
diesel IMEPs, as the quantity of the supplied CH4-CO2-H2 mixtures is increased (to 
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increase engine load), the peak heat release rate increases. This is due to the in-
cylinder CH4-air and H2-air mixtures progressing towards stoichiometric conditions 
and hence burning with higher flame temperatures upon combustion.  
 CO2, CO and unburned THC exhaust gas emissions 
Figure 6.6: Variation in the exhaust emissions of (a) carbon dioxide (CO2), (b) carbon monoxide 
(CO) and (c) unburned total hydrocarbons (THC) for the two pilot diesel fuel IMEPs, at various 
engine loads and CH4-CO2-H2 mixture proportions 
(c) (d) 
(e) (f) 
(a) (b) 
0 bar pilot diesel IMEP 1.5 bar pilot diesel IMEP 
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Figure 6.6 shows the gaseous exhaust emissions of CO2, CO and unburned total 
hydrocarbons (THC) for the two pilot diesel fuel IMEPs of 0 bar and 1.5 bar, at 
various engine loads and CH4-CO2-H2 mixture proportions. For both pilot diesel 
fuel IMEPs and all CH4-CO2-H2 mixtures, an almost linear increase in CO2 emissions 
is observed as the quantity of the supplied CH4-CO2-H2 mixture to the engine is 
increased in order to increase the engine load. Comparing the CO2 emissions 
between the two CH4-CO2 mixtures, for both pilot diesel fuel IMEPs the CO2 
emissions from the 60CH4:40CO2 mixture are higher due to the larger proportion of 
CO2 in the aspirated mixture. It can also be observed from Figure 6.6 (a) and (b) 
that CO2 emissions from diesel only combustion are similar to CO2 emissions from 
the 80CH4:20CO2 mixture, and significantly lower than those from the 60CH4:40CO2 
mixture. Since the typical composition of biogas produced in anaerobic digesters is 
about 60CH4:40CO2, post-production scrubbing of the biogas reduces an adverse 
effect of biogas combustion on CO2 emissions. Common methods of biogas 
scrubbing include pressurised water scrubbing, pressure swing adsorption and amine 
absorption among others and have been described in detail in Chapter 2 of this 
thesis (Patterson et al. 2011; Yang, Ge, et al. 2014; Yang, Wang, et al. 2014). A 
slight reduction in CO2 emissions is observed, at both pilot diesel IMEPs and at all 
engine loads, when H2 is included in the CH4-CO2 mixtures due to the H2 displacing 
some of both CH4 and CO2. 
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The CO emissions (Figure 6.6 (c) and (d)) from the CH4-CO2-H2 mixtures are 
generally higher than the CO emissions from diesel only combustion, which could 
potentially be in part due to partial oxidation of the aspirated CH4 and in part due 
to dissociation of some of the aspirated CO2. The CO emissions are observed to 
decrease with increasing engine load for both pilot diesel IMEPs. As the engine load 
is increased by aspirating a greater volume of CH4-CO2-H2 mixture, the in-cylinder 
CH4-air and H2-air mixtures progress towards stoichiometric conditions, resulting 
in higher post-combustion in-cylinder gas temperatures, improved CH4 oxidation 
and, therefore, lower CO emissions. No significant differences are seen between the 
CO emissions from the different CH4-CO2-H2 mixtures, leading the speculation that 
CO emissions are exclusively engine load (and hence in-cylinder gas temperature) 
dependent.  
Similar to CO emissions, the unburned THC emissions (Figure 6.6 (e) and (f)) from 
the CH4-CO2-H2 mixtures are generally higher than those from diesel only 
combustion, and in the case of pilot diesel fuel IMEP of 0 bar the unburned THC 
emissions decrease with increasing engine load. As discussed in the paragraph above, 
a large percentage of the aspirated CH4 remains unburned in the cylinder and passes 
into exhaust, however, the percentage of unburned CH4 decreases with increasing 
engine load (as can be observed in (Figure 6.6 (e)). A closer comparison of the 
unburned THC emissions (Figure 6.6 (e) and (f)) shows that the THC levels, at all 
engine loads, for a pilot diesel fuel IMEP of 0 bar are substantially higher as 
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compared to 1.5 bar pilot diesel fuel IMEP, while the CO emissions (Figure 6.6 (c) 
and (d)) show similar levels for both pilot diesel fuel flow rates. Taken together, 
the unburned THC and CO emission results provide a strong indication that the 
pilot diesel fuel IMEP of 0 bar is barely sufficient to provide reliable ignition of the 
aspirated gaseous fuel mixtures, especially when these mixtures are lean. 
 NOx exhaust gas emissions 
Figure 6.7 shows the gaseous exhaust emissions of NOx for the two pilot diesel fuel 
IMEPs of 0 bar and 1.5 bar, at various engine loads and CH4-CO2-H2 mixture 
proportions. First, considering the NOx emissions from CH4-CO2-H2 mixtures with 
a pilot diesel fuel IMEP of 0 bar, the minimum quantity of fuel required to pilot 
ignite the aspirated CH4-CO2-H2 mixtures, it can be observed from Figure 6.7 (a) 
that, at engine loads below 4 bar IMEP, NOx emission levels are fairly low (< 100 
ppm). However, as the engine load increases above 4 bar IMEP, NOx emissions 
undergo an almost exponential increase. These trends in NOx emissions are quite 
Figure 6.7: Variation in the exhaust emissions of oxides of nitrogen (NOx) for the two pilot diesel 
fuel IMEPs, at various engine loads and CH4-CO2-H2 mixture proportions 
(a) (b) 
0 bar pilot diesel IMEP 1.5 bar pilot diesel IMEP 
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similar to those obtained with H2-diesel fuel co-combustion (as described in Chapter 
5), and therefore can be explained likewise. At engine loads lower than 4 bar IMEP, 
the temperatures resulting from the combustion of the very lean in-cylinder CH4-
air and H2-air mixtures (φH2 = 0.018 and φCH4 = 0.36 for 80CH4:20CO2+15% H2 
mixture at an engine load of 4 bar IMEP) are below the threshold temperatures 
which promote rapid thermal NOx formation. However, as the CH4-CO2-H2 mixture 
being supplied to the engine is increased, to increase the engine load above 4 bar 
IMEP, the in-cylinder mixture concentration becomes sufficiently rich for the post 
combustion gas temperatures to go above the level at which NOx formation rates 
accelerate significantly. This exponential increase in NOx production rates with 
increasing temperatures is expected according to the extended Zeldovich mechanism 
(discussed in Chapter 2) (Miller & Bowman 1989). Similar trends in NOx emissions 
with increasing engine load can also be seen from Figure 6.7 (b), however, an 
exponential rise in NOx emissions occurs above 2 bar IMEP, as compared to the 4 
bar IMEP threshold observed with a pilot diesel IMEP of 0 bar. This is likely due 
to a higher quantity of diesel fuel being injected into the combustion chamber to 
achieve a pilot diesel IMEP of 1.5 bar. Diesel fuel combustion can be expected to 
always occur at near stoichiometric conditions with resultant local temperatures 
sufficient for NOx formation (Dec 1997). Therefore, the temperatures resulting from 
the combined combustion of CH4-CO2-H2 mixtures and diesel fuel are likely to reach 
the threshold for accelerated thermal NOx formation at a lower load of 2 bar IMEP. 
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Additionally, it could be suggested that at a pilot diesel IMEP of 0 bar, there was 
a significantly higher amount of unburned CH4 and CO2 in the cylinder resulting 
in lower temperatures, and hence, lower NOx emissions, especially at low engine 
loads. 
Comparing NOx emissions between the two CH4-CO2 mixtures for both pilot diesel 
IMEPs, it can be observed from Figure 6.7 that NOx emissions increase more rapidly 
for the 80CO2:20CO2 mixture, as compared to for the 60CH4:40CO2 mixture. This 
is expected, as the mixture with the higher proportion of CO2 would tend to 
decrease in-cylinder temperatures to a greater degree, hence slowing down NOx 
formation rates. The peak heat release rates, which can be expected to be indicative 
of in-cylinder gas temperatures, are similarly lower in the case of the 60CH4:40CO2 
mixture, as compared to the 80CO2:20CO2 mixture (Figure 6.5 (e) and (f)). 
The inclusion of H2 in the CH4-CO2 mixtures does not appear to have a significant 
effect on NOx emissions, except at the highest tested engine load condition of 7 bar 
IMEP. For example, at 7 bar IMEP (total engine load) and for a pilot diesel IMEP 
of 0 bar, the addition of 15% H2 (v/v) to the 60CH4:40CO2 mixture increases NOx 
emissions by almost 50%. This sharp increase in NOx emissions at 7 bar IMEP can 
be attributed to the flame temperatures of the 60CH4:40CO2 + 15% H2 mixture 
being considerably higher than those of the 60CH4:40CO2 mixture. 
Figure 6.7 also shows the NOx exhaust emissions when the engine load is increased 
without any CH4-CO2-H2 mixture addition, that is, by merely increasing the amount 
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of diesel fuel injected. It is important to note that the NOx emissions from CH4-
CO2-H2 mixture combustion, at all engine loads, are lower than those from diesel 
only combustion. The only exception to this is for the pilot diesel IMEP of 1.5 bar, 
80CH4:20CO2 + 15% H2 condition at an engine load of 7 bar IMEP (Figure 6.7 (b)). 
The lower NOx emissions are due to the lean burn capability of biogas, which allows 
low temperature combustion, and hence reduced NOx formation rates, while still 
maintain diesel fuel comparable efficiencies (Yoon & Lee 2011; Bora et al. 2014). 
In contrast, for diesel only fuelling (that is no CH4-CO2-H2 mixture addition) the 
burning zone is naturally located where the diesel fuel-air mixture is approximately 
near stoichiometric, which results in high flame temperatures and high NOx 
production rates. 
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 Particulate exhaust emissions 
Figure 6.8 shows the exhaust emissions of total particulate mass (PM) for the two 
pilot diesel fuel IMEPs of 0 bar and 1.5 bar, at various engine loads and CH4-CO2-
H2 mixture proportions. It can be observed that PM emissions increase sharply 
above engine loads for 5 bar IMEP (for 0 bar pilot diesel fuel IMEP) and 6 bar 
IMEP (for 1.5 bar pilot diesel fuel IMEP). This rapid increase in PM emissions can 
also be seen to occur with diesel fuel only combustion (Figure 6.8) and can be 
attributed to the natural reduction in the air available for combustion as the engine 
load increases beyond about 5 bar IMEP, and towards the highest tested load 
condition of 7 bar IMEP. It should be noted that the increase in in-cylinder gas 
temperatures with increasing engine loads can be expected to enhance oxidation 
rates. However, Figure 6.8 suggests that at engine loads above 5 bar IMEP, 
increased pyrolysis rates prevail over enhanced oxidation rates, resulting in a net 
increase in PM emissions. Additionally, Figure 6.8 shows lower PM emissions with 
Figure 6.8: Exhaust emissions of total particulate mass for the two pilot diesel fuel IMEPs, at 
various engine loads and CH4-CO2-H2 mixture proportions 
(a) (b) 
0 bar pilot diesel IMEP 1.5 bar pilot diesel IMEP 
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the CH4-CO2-H2 mixture as compared to diesel fuel only combustion, which can be 
attributed to the reduction in carbon flow rate being supplied to the engine from 
the CH4-CO2-H2 mixture, as compared to diesel fuel, for a given engine load. 
It can also be observed from Figure 6.8 (a), for a pilot diesel IMEP of 0 bar, that 
PM emission levels for the 60CH4:40CO2 mixture are significantly higher as 
compared to the 80CH4:20CO2 mixture. It appears that the higher proportion of 
inert CO2 in the 60CH4:40CO2 mixture results in greater in-cylinder gas temperature 
reductions (due to heat energy absorption), leading to reduced soot oxidation rates 
and higher PM emissions. The inclusion of H2 to the 60CH4:40CO2 mixture produces 
significant reductions in PM emissions, which could be attributed to two factors: 
the displacement of some of the CH4 and CO2 by H2, and higher post-combustion 
gas temperatures (and hence, increased soot oxidation rates) from CH4-CO2-H2 
mixtures, as compared to CH4-CO2 mixtures. 
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Figure 6.9 shows the percentage reduction in the total particulate mass plotted 
against percentage reduction in fuel carbon supplied to the engine, for a fixed pilot 
diesel IMEP of 0 bar and various CH4-CO2-H2 mixtures. The reduction in fuel 
carbon was achieved by lowering the proportion of CH4 and increasing the 
proportion of H2 in the aspirated CH4-CO2-H2 mixture, while the relative 
proportions of the three gases were maintained. The purpose of the graph is to 
determine whether reducing the proportion of CH4 and CO2 and increasing the 
proportion of H2 in the aspirated mixture has an effect on the reduction in exhaust 
particulate emissions. The percentage reduction in both particulates and fuel carbon 
for the 80CH4:20CO2 + 5%/15% H2 mixture were calculated against the values 
obtained with the engine operating only on the 80CH4:20CO2 mixture (without any 
Figure 6.9: Comparison of percentage reduction in total particulate mass with percentage 
reduction in the CH4 content (fuel carbon) of the combustible mixture at constant engine 
loads and for a fixed pilot diesel IMEP of 0 bar. 
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H2). The percentage reductions for the 60CH4:40CO2 mixture were also calculated 
in a similar manner. The 1:1 dashed diagonal line in Figure 6.9 represents equal 
reductions in both PM emissions and fuel carbon supplied to the engine. 
For all the CH4-CO2-H2 mixtures shown in Figure 6.9, the reductions in PM 
emissions lie in the top half of the graph (above the 1:1 dashed line), implying a 
beneficial effect of replacing some of the CH4 (and CO2) with H2 on PM reduction, 
beyond simple fuel carbon displacement. For example for the 60CH4:40CO2 + 15% 
H2 mixture, a 10% reduction in fuel carbon causes an approximately 60% reduction 
in particulate matter. As discussed previously, this reduction could be a result of 
CH4-CO2-H2 mixtures burning at higher flame temperatures compared to only CH4-
CO2 mixtures, resulting in increased soot oxidation rates. 
Figure 6.9 also shows that the reduction in particulates for the 60CH4:40CO2 
mixture is considerably greater as compared to the 80CH4:20CO2 mixture, despite 
the percentage reductions in fuel carbon being quite similar for the two mixture 
types. A possible explanation for this observation is that the 60CH4:40CO2 mixture 
lowers the spray core and flame temperatures to a greater extent as compared to 
the 80CH4:20CO2 mixture (due to higher amount of CO2 being supplied for a given 
engine load). This results in a reduction in the diesel fuel pyrolysis rates, leading to 
a reduction in PM formation rates. 
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 In-cylinder gas sample composition 
Figure 6.10 shows the CO2 concentration in gas samples at various engine loads 
extracted from the engine cylinder at 10, 25 and 40 CAD ATDC (sampling windows) 
of the combustion cycle with the two in-cylinder sampling arrangements relative to 
the diesel fuel sprays (Figure 6.2). The tests were conducted for fixed pilot diesel 
fuel IMEP of 1.5 bar and the increase in engine load achieved by increasing the 
supply of the CH4-CO2-H2 mixture (as applicable) to the engine. First, considering 
the gas samples collected when burning the 60CH4:40CO2 mixture, it can be 
observed that the CO2 concentrations are quite similar for the two sampling 
Figure 6.10: Measurement of in-cylinder carbon dioxide (CO2) concentration for  (a) 
60CH4:40CO2 and (b) 60CH4:40CO2 + 15% H2 mixtures in gas samples collected at (i) 10 CAD, 
(ii) 25 CAD and (iii) 40 CAD ATDC at a fixed pilot diesel fuel IMEP of 1.5 bar with increasing 
amounts of CH4-CO2-H2 mixtures and variable engine loads with two sampling arrangements 
(Figure 6.2) 
(b) 60CH4:40CO2 + 15% 
H2  10 CAD ATDC 25 CAD ATDC 40 CAD ATDC 
(i) (ii) (iii) 
(i) (ii) (iii) 
10 CAD ATDC 25 CAD ATDC 40 CAD ATDC 
(a) 60CH4:40CO2  
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arrangements, at all the three sampling windows. This can be attributed to 
comparable quantities of CO2 occurring in the region of the spray core and between 
the two sprays. In the spray core region, CO2 is produced by diesel fuel combustion, 
and aspirated CO2 is also present in the intake air mixture that entrains into the 
diesel fuel spray. The region between the two sprays contains a higher concentration 
of the aspirated CH4-CO2-H2 mixture, and hence a higher quantity of CO2 as 
compared to the spray core region; additionally, CO2 is also produced from the 
combustion of CH4 in the region between two sprays. 
The inclusion of 15% H2 (v/v) to the 60CH4:40CO2 mixture does not appear to have 
a significant effect on the in-cylinder CO2 concentration, except for a slight increase 
in CO2 levels in the region between the two sprays especially at 10 CAD and 25 
CAD ATDC. This is most likely due to the increase hydrocarbon oxidation rates 
as a result of increased flame temperatures for the CH4-CO2-H2 mixture (as 
compared to the CH4-CO2 mixture). 
The concentration of CO2 is observed to fall, for both the CH4-CO2-H2 mixtures 
(Figure 6.10 (a) and (b)) as the combustion cycle progresses from 10 CAD to 40 
CAD ATDC; this is expected to be a result of the burned gas products becoming 
diluted with the unreacted in-cylinder air. 
 
 
Chapter 6                                   6.2 Results and discussion 
     
276 
  
Figure 6.11 shows the unburned THC concentration in gas samples at various 
engine loads extracted from the engine cylinder at 10, 25 and 40 CAD ATDC 
(sampling windows) of the combustion cycle with the two in-cylinder sampling 
arrangements relative to the diesel fuel sprays (Figure 6.2). For both mixtures, 
60CH4:40CO2 and 60CH4:40CO2 + 15% H2, it can be observed that the unburned 
THC concentrations at 10 CAD ATDC, when sampling within the spray core region, 
were higher as compared to the region between the fuel sprays. At the initial stages 
of the combustion (10 CAD ATDC), the diesel fuel spray has not fully broken down 
and combusted, and therefore is an important source for unburned THC. In 
addition, the intake air mixture that entrains into the diesel fuel contains aspirated 
Figure 6.11: Measurement of in-cylinder unburned total hydrocarbon (THC) concentration for 
(a) 60CH4:40CO2 and (b) 60CH4:40CO2 + 15% H2 mixtures in gas samples collected at (i) 10 
CAD, (ii) 25 CAD and (iii) 40 CAD ATDC at a fixed pilot diesel fuel IMEP of 1.5 bar with 
increasing amounts of CH4-CO2-H2 mixtures and variable engine loads with two sampling 
arrangements (Figure 6.2) 
(b) 60CH4:40CO2 + 15% 
H2  10 CAD ATDC 25 CAD ATDC 40 CAD ATDC 
(i) (ii) (iii) 
(i) (ii) (iii) 
25 CAD ATDC 40 CAD ATDC 
(a) 60CH4:40CO2  
10 CAD ATDC 
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CH4, which is included in the sample collected from the spray core region. It is 
thought that the combined THC concentrations from the diesel fuel and CH4 result 
in higher unburned THC levels occurring in the spray core region. As the 
combustion cycle progresses from 10 to 25 CAD ATDC, the unburned THC levels 
in the spray core region are observed to decrease; the mixing of diesel fuel with air 
results in higher rates of diesel fuel oxidation, and therefore lowers unburned THC 
levels. 
 Figure 6.12 shows the NOx concentration in gas samples at various engine 
loads extracted from the engine cylinder at 10, 25 and 40 CAD ATDC (sampling 
Figure 6.12: Measurement of in-cylinder nitrogen oxide (NOx) concentration for  (a) 
60CH4:40CO2 and (b) 60CH4:40CO2 + 15% H2 mixtures in gas samples collected at (i) 10 CAD, 
(ii) 25 CAD and (iii) 40 CAD ATDC at a fixed pilot diesel IMEP of 1.5 bar with increasing 
amounts of CH4-CO2-H2 mixtures and variable engine loads with two sampling arrangements 
(Figure 6.2) 
(b) 60CH4:40CO2 + 15% 
H2  10 CAD ATDC 25 CAD ATDC 40 CAD ATDC 
(i) (ii) (iii) 
(i) (ii) (iii) 
10 CAD ATDC 25 CAD ATDC 40 CAD ATDC 
(a) 60CH4:40CO2  
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windows) of the combustion cycle with the two in-cylinder sampling arrangements 
relative to the diesel fuel sprays (Figure 6.2). First, considering the gas samples 
collected from the cylinder at 10 CAD and 25 CAD ATDC, it can be observed that 
NOx levels are significantly higher in the region between two sprays for the 
60CH4:40CO2 + 15% H2 mixture, as compared to the 60CH4:40CO2 mixture. As 
suggested previously when discussing NOx exhaust emissions, the temperatures 
resulting from the combined CH4-H2-air mixture combustion are expected to be 
higher as compared to CH4-air combustion, resulting in higher NOx formation rates. 
Now comparing the difference in NOx concentrations between the two sampling 
arrangements, for the 60CH4:40CO2 + 15% H2 mixture, NOx levels are higher in the 
region between the two sprays as compared to within the spray core region, 
especially at 10 CAD and 25 CAD ATDC. The region between the two sprays can 
be expected to have a higher concentration of the aspirated CH4-CO2-H2 mixture 
resulting in higher post combustion gas temperatures and, therefore, higher NOx 
formation rates. On the other hand, the lower NOx concentrations in the spray core 
region (at 10 CAD ATDC) could be attributable to the relatively low concentration 
of air in the fuel rich core of the diesel fuel spray, resulting in lower combustion 
temperatures and, hence, reduced NOx formation.  
As the combustion cycle progresses to 25 CAD ATDC, NOx levels are seen to 
increase in both regions, within spray core and between two sprays. At 25 CAD 
ATDC, the rich diesel spay core might be expected to have broken up, with the 
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aspirated intake mixture being rapidly entrained into the disintegrated diesel fuel 
spray. The combined fuel mixture is expected to have burned at sufficiently high 
temperatures to increase NOx formation rates as combustion progressed from 10 to 
25 CAD ATDC.  
As combustion proceeds beyond 25 CAD ATDC, the expansion of post combustion 
gases reduces temperatures significantly and NOx concentrations adjust to lower 
levels through reversible dissociation reactions. At 40 CAD ATDC, NOx levels for 
both the aspirated mixtures decrease relative to NOx levels at 25 CAD ATDC; 
additionally, NOx levels are quite similar for the gas samples collected with the two 
sampling arrangements (Figure 6.12 (iii)). The decrease in NOx levels can be 
attributed to dilution of post combustion gases with the unreacted air, while the 
homogeneity in NOx levels might be due to the effects of air swirl and reverse squish 
flow (Heywood 1988; Zhao et al. 1996), which promote the redistribution of in-
cylinder gaseous composition at later stages of combustion (40 CAD ATDC). After 
40 CAD ATDC, the in- NOx 
reaction chemistry. 
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 Exhaust emissions from real biogas 
 
 
 
 
Figure 6.13: Exhaust emissions of (a) CO2, (b) CO, (c) unburned THC, (d) particulates and (e) 
NOx for two real biogas samples for a fixed flow rate of biogas to the engine and various engine 
loads. For comparison, the exhaust emissions from diesel fuel only engine operation (no biogas 
addition) are also shown. 
(a) (b) 
(c) (d) 
(e) 
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Figure 6.13 shows the exhaust emissions of CO2, CO, unburned THC, particulates 
and NOx from the combustion of two real biogas samples of different CH4-CO2 
compositions at various engine loads. The composition of biogas sample 1 was 
measured to be 54CH4:40.5CO2, while that of biogas sample 2 was measured to be 
48CH4:29CO2; the balance for both biogas samples was assumed to be made up of 
inert components. It should be pointed out here that a different test procedure was 
employed for these tests as compared to that utilised so far in Chapter 6. For these 
tests with real biogas, the flow rate of the biogas to the engine was kept fixed, and 
the increase in engine load was achieved by increasing the diesel fuel injection 
duration period (that is, the diesel fuel flow rate to the engine). For comparison 
purposes, the exhaust emissions for diesel only combustion (no biogas addition) 
were also included. Some separate cursory tests were done whereby the real biogas 
mixtures were simulated by using CH4-CO2 mixtures from compressed gas bottles 
and fed into the engine at the same flow rate (as the real biogas). These tests 
showed very similar exhaust emission levels to the emissions obtained using the real 
biogas, lending some confidence to the assumption that the remaining proportion 
of the real biogas mixtures (apart from CH4 and CO2) is made up of inert 
components. 
It can be observed from Figure 6.13 (a) that the CO2 emissions from the two 
different biogas samples are quite similar to diesel only CO2 emissions, at all loads 
up to 6 bar IMEP. At an engine load of 7 bar IMEP, the CO2 emissions from biogas 
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sample 1 were slightly higher than sample 2, due to sample 1 having a higher 
proportion of CO2. The emissions of CO and unburned THC were generally higher 
for biogas sample 1 at all engine loads, as compared to both biogas sample 2 and 
diesel only condition (Figure 6.13 (b) and (c)). This could be attributed to the 
higher proportion of inert CO2 in biogas sample 1 which caused a reduction in in-
cylinder gas temperatures (by absorbing heat energy), thereby curtailing oxidation 
rates of both CH4 and diesel fuel and resulting in increased unburned (not ignited) 
or partially oxidised hydrocarbon emissions. Similarly, particulate emissions (Figure 
6.13 (d)) appeared to be higher for biogas sample 1 at all engine loads up to 5.5 
bar IMEP, as compared to both biogas sample 2 and diesel only condition, most 
likely due to the effect of reduced thermal soot oxidation rates, as previously 
discussed in the case of CO and unburned THC  emissions. Above 5.5 bar IMEP, 
particulate emissions were observed to increase rapidly for both biogas samples and 
diesel only combustion, with the sharpest increase occurring for biogas sample 2. 
The sharp increase in PM emissions at engine loads above 5.5 bar IMEP could be 
attributed to the natural reduction in air availability for combustion, as the engine 
load rises and the in-cylinder diesel fuel-air mixture being supplied to the engine 
becomes richer. Now considering NOx emissions, it can be observed from Figure 
6.13 (e), that NOx emissions were lowest for biogas sample 1, as compared to both 
biogas sample 2 and diesel only condition. As mentioned before, the higher 
proportion of CO2 in biogas sample 1 tends to lower in-cylinder gas temperatures, 
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and since NOx is produced primarily via thermal means in diesel engines (Bowman 
1973; Miller & Bowman 1989), a reduction in in-cylinder gas temperatures can be 
expected to impede NOx formation rates. 
 Conclusions 
 The rate of increase of heat release for the CH4-CO2-H2 mixtures was 
considerably slower, as compared to diesel only combustion resulting in lower 
peak heat release occurring relatively further away from engine TDC. 
 For a pilot diesel fuel IMEP of 1.5 bar, the ignition delay period was higher 
for the 60CH4:40CO2 mixture, as compared to 80CH4:20CH4 mixture, which 
could be attributed to the higher proportion of inert CO2 interfering with low 
temperature fuel breakdown reactions. This trend appeared to reverse for a 
pilot diesel IMEP of 0 bar, with the 60CH4:40CO2 mixture exhibiting smaller 
ignition delay periods above 4 bar IMEP engine load, as compared to the 
80CH4:20CO2 mixture. 
 Peak heat release rates were observed to be lower for the 60CH4:40CO2 
mixture as compared to the 80CH4:20CO2 mixture, at both pilot diesel IMEPs 
and at all engine loads, attributable to the presence of higher proportion of 
CO2 in the aspirated mixture. 
 Exhaust CO2 emissions were observed to be higher for the 60CH4:40CO2 
mixture as compared to diesel only combustion, outlining the need to scrub 
the biogas post-production to decrease its CO2 content. 
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 While no significant differences were seen in the exhaust CO and unburned 
THC emissions between the different CH4-CO2-H2 mixtures, both CO and 
unburned THC emissions decreased with increasing engine loads, due to 
increasing in-cylinder gas temperatures resulting in enhanced thermal 
oxidation rates. 
 For both fixed pilot diesel IMEPs, NOx emissions were observed to increase 
rapidly, but only when the in-cylinder temperatures due to combined diesel 
fuel and CH4-CO2-H2 mixture combustion exceeded the threshold for NOx 
formation temperatures. The heat energy absorbing effect of the inert CO2 
resulted in NOx emission from the 60CH4:40CO2 mixture being lower as 
compared to the 80CH4:20CO2 mixture 
 Exhaust PM emissions for the 60CH4:40CO2 mixture were observed to be 
considerably greater as compared to both 80CH4:20CO2 mixture and diesel 
only condition. The inclusion of H2 to 60CH4:40CO2 mixture significantly 
reduced PM emissions, speculated to be due to higher post-combustion gas 
temperatures. 
 In-cylinder unburned THC levels at 10 CAD ATDC were observed to be 
higher in gas samples collected from within the spray core region, as compared 
to the region between two sprays. As the cycle progressed from 10 to 25 CAD 
ATDC and the diesel fuel spray core disintegrated due to air entrainment, the 
unburned THC levels in the spray core region were observed to decrease. 
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 In-cylinder NOx levels were observed to be significantly higher in the region 
between two sprays for the 60CH4:40CO2 + 15% H2 mixture, as compared to 
the 60CH4:40CO2 mixture. This was attributed to the temperatures resulting 
from the combined CH4-H2-air mixture combustion being higher than those 
achieved by CH4-air combustion, resulting in higher NOx formation rates. 
 Exhaust emissions from real biogas samples were in agreement with the trends 
obtained with the simulated CH4-CO2 mixtures. The inert CO2 has a 
significant effect of reducing in-cylinder gas temperatures which is beneficial 
for NOx emissions, but has a detrimental impact on CO, unburned THC and 
PM emissions (due to reduced thermal oxidation rates). 
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 The influence of hydrogen-diesel co-combustion 
on an EGR applied, intake air boosted CI engine 
Global demand for liquid fuels is projected to rise at a rapid pace; however, current 
and future energy policies are increasingly aiming to reduce CO2 emissions from the 
transport sector (Schiermeier 2014). The combustion of fossil fuels releases carbon, 
in the form of carbon dioxide (CO2), and there is consensus that the rapid 
anthropogenic emission of fossil bound carbon is resulting in global climate change. 
Co-currently, there is growing awareness of the negative impacts of toxic exhaust 
pollutants from internal combustion engines, such as nitrogen oxides (NOx) and 
carbonaceous soot or particulate matter (PM), on the health of urban populations 
(Pope et al. 2002). The displacement of fossil diesel fuel with hydrogen (H2) is an 
attractive proposition for compliance with emissions standards and reduction of 
harmful pollutants from diesel engines. With a carbon content of zero, co-
combustion of H2 and diesel fuel has potential for a reduction in the levels of both 
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exhaust gas CO2 and PM (Karim 2003; Christodoulou & Megaritis 2013; Talibi et 
al. 2014). 
This chapter investigates the effects of increasing the percentage of energy supplied 
to the engine from H2 (while reducing that from diesel fuel) on combustion 
characteristics and emissions production at a range of engine loads (IMEP), 
simulated EGR levels and intake air boosting combinations. This chapter is 
complimentary to Chapter 4 which dealt with H2-diesel fuel co-combustion in a 
naturally aspirated engine without EGR and intake air boost. It was observed in 
Chapter 4 that at higher engine loads above 4 bar IMEP NOx exhaust emissions 
increased significantly; additionally, the substitution of intake air by H2 resulted in 
the reduced O2 availability for diesel fuel combustion resulting in increased exhaust 
particulate emissions. The utilisation of EGR allows low temperature combustion 
to take place hence decreasing NOx formation rates, while intake air boosting allows 
additional O2 to be fed into the engine, potentially mitigating the effect of intake 
air substitution by H2 and N2 (for simulated EGR). 
 Experimental procedure 
The experiments discussed in this chapter were conducted on the single cylinder 
engine utilising the common rail fuel injection system for diesel fuel injection and 
the gas mass flow controller system for delivering hydrogen (H2) and nitrogen (N2) 
to the engine. The N2 was used to dilute the intake air and reduce the intake O2 
concentration. This allowed EGR-like conditions to be achieved inside the 
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combustion chamber. Additionally, the intake air supercharger system was 
deployed on the engine to increase the density of the intake air being supplied to 
the combustion chamber and allow higher engine loads (IMEPs) to be achieved. 
These systems have been described in detail in Chapter 3 of this thesis. All the 
experiments were carried out at a constant engine speed of 1200 rpm, common rail 
fuel injection pressure of 900 bar and a constant diesel fuel injection timing of 6 
CAD BTDC. The diesel fuel used for all tests was of fossil origin with zero fatty 
acid methyl ester (FAME) content, cetane number of 53.2 and carbon to hydrogen 
mass ratio of 6.32:1. Compressed H2 gas of purity 99.995% and compressed N2 gas 
of purity 99.5% were obtained from a commercial gas supplier (BOC). 
Table 7.1 shows the test conditions used for the combined EGR and intake air 
boost tests. For each engine load (IMEP) the amount of H2 and diesel fuel, supplied 
to maintain a constant engine load, were varied to change the energy contribution 
of H2 as a function of the total energy supplied to the engine. The measured 
volumetric flow rates of N2 gas and intake air were used to calculate the amount of 
O2 reduction (v/v) in the intake air due to the aspirated N2 gas, while the pressure 
transducer and thermocouple mounted in the engine intake manifold monitored the 
intake boost pressure and temperature, respectively. It should also be noted here 
that when both H2 and N2 were being aspirated into the engine, the flowrates of 
both gases were adjusted so as to keep the reduction in intake O2 constant. Table 
7.1 also shows the corresponding engine power output for each load (IMEP); in 
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each instance this corresponds to the half-litre single cylinder engine used for all 
tests, and has not been scaled to represent an equivalent two litre, four cylinder 
engine. Table 7.2 shows the important properties of the diesel fuel and H2 gas 
utilised in these experiments. 
Intake air boost 
pressure (bar) 
Intake 
temperature 
(°C) 
Engine 
load 
(bar 
IMEP) 
Indicated 
engine 
power 
(kW)  
% points 
O2 
reduction 
(v/v) 
1.33 30 8.5 4.25 
Only H2 (no 
N2) 
1 
2 
3 
1.67 30 10 5.00 
Only H2 (no 
N2) 
1 
2 
3 
1.99 30 11.5 5.75 
Only H2 (no 
N2) 
1 
2 
3 
Table 7.1: Combined EGR and intake air boost test operating condition matrix showing different 
intake air boost/ engine load combinations (and corresponding power developed by the engine 
in kW) at various EGR ratios and engine speed 1200 rpm. 
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Property 
Diesel 
fuel 
Hydrogen 
Density 
(kg/m3) 
831.9 0.0838 
Lower heating 
value (MJ/kg) 
43.14 120 
Table 7.2: Properties of diesel fuel and hydrogen at 
1 atm and 300 K (Karim 2003; Saravanan & 
Nagarajan 2008a) 
 
 
Figure 7.1 shows the energy supplied to the single-cylinder research engine from H2 
as a function of the total energy supplied to the engine (energy supplied from H2 
plus the energy supplied from diesel fuel); the corresponding H2 flow rates and the 
power content of H2 supplied to the engine are shown in Figure 7.1 (a) and (b), 
respectively.  
Some preliminary tests were conducted to determine the combustion efficiency of 
H2 through measurement of unburned H2 levels in the exhaust. The level of H2 in 
the exhaust was considered to be the H2 remaining unburned during combustion, 
as diatomic hydrogen is unlikely to have formed from diesel hydrogen content.  The 
(a) (b) 
Figure 7.1: H2 flow rates (l/min) and (b) power content of H2 (kW) at constant engine loads and 
varying percentage energy from H2  
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exhaust gas composition was analysed for H2 at different engine loads using a gas 
chromatograph system with a thermal conductivity detector (GC-TCD), and 
measurements of the H2 exhaust levels at varying loads corresponded to an average 
value of 10% of the H2 supplied to the engine remaining unburned. This value is in 
good agreement with previous measurements under similar diesel fuel co-
combustion operating conditions by Christodoulou & Megaritis (2013). In addition, 
a smaller amount of aspirated H2 is expected to have been lost due to blow-by past 
the piston rings during the compression and early combustion stages. 
The experiments presented in this chapter were repeated at a higher engine speed 
of 2200 rpm, which represents the average typical urban driving speed. Similar 
trends were observed for all the combustion and emission characteristics, across all 
the test conditions, as for the lower speed (1200 rpm) tests. Hence, to avoid 
repetition, the results conducted with an engine speed of 2200 rpm have not been 
included in this chapter. 
have been reported in g/kWh as reporting the results in terms of exhaust 
concentrations could be confusing due to the increase in exhaust flow rates when 
the intake air boost pressure is increased. 
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 Results and Discussion 
 Combustion characteristics 
Figure 7.2 shows the duration of ignition delay for three intake air boost pressure-
engine load combinations, at constant percentage reductions in intake O2 and 
varying percentage energy from H2. The duration of ignition delay is defined as the 
time in crank angle degrees (CAD) between the start of the injection signal supplied 
to the diesel fuel injector (SOI) and the start of combustion (SOC) as indicated by 
the first incidence of positive heat release. Figure 7.2 shows that an increase in 
intake air pressure leads to a decrease in the duration of ignition delay. This is 
Figure 7.2: Duration of ignition delay for three intake air boost-engine load combinations, at 
constant percentage reductions in intake O2 and varying percentage energy from H2 
(a) (b) 
(c) 
1.33 bar boost, 8.5 bar IMEP 1.67 bar boost, 10 bar IMEP 
1.99 bar boost, 11.5 bar IMEP 
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likely to be the result of the increasing O2 concentration accelerating the low 
temperature fuel oxidation rate during the ignition delay period. It can also be seen 
from Figure 7.2 that for each intake air pressure, increasing the percentage 
reduction in intake O2 (that is, decreasing the amount aspirated O2) increases the 
duration of ignition delay. As mentioned earlier this could be attributed to the 
displacement of intake air O2 with the aspirated N2, which reduces the pool of 
reactive species available for combustion and thus the rates of low temperature 
diesel fuel breakdown and oxidation reactions, thus delaying SOC. Figure 7.2 also 
shows that the substitution of diesel fuel with H2 has little or no effect on the 
duration of ignition delay. However, it must be noted that since the resolution of 
the engine crankshaft encoder is 0.2 CAD, any changes in the ignition delay 
duration within this range can be a result of equipment variability and resolution 
errors. 
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Figure 7.3 shows the apparent net peak heat release rates (pHRR) for three intake 
air boost pressure-engine load combinations, at constant percentage reductions in 
intake O2 and varying percentage energy from H2. It can be seen from Figure 7.3 
that an increase in the intake air pressure leads to a reduction in the magnitude of 
pHRR; this can be attributed to an increase in the density of the intake air within 
the combustion chamber, with fuel heat release therefore resulting in lower in-
cylinder gas temperatures. Figure 7.3 also shows that at 1.33 bar and 1.67 bar 
intake air pressures, increasing the percentage reduction in intake O2 (that is, 
Figure 7.3: Peak heat release rates (J/deg) for three intake air boost-engine load combinations, 
at constant percentage reductions in intake O2 and varying percentage energy from H2 
(a) 
(c) 
1.99 bar boost, 11.5 bar IMEP 
1.33 bar boost, 8.5 bar IMEP 1.67 bar boost, 10 bar IMEP 
(b) 
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decreasing the amount aspirated O2) results in an increase in the magnitude of 
pHRR. This is due to an increase in the duration of ignition delay, as observed in 
Figure 7.2 (a) and (b), which allows more time for the fuel and air to mix, resulting 
in a greater amount of premixed diesel fuel-air mixture, of appropriate 
stoichiometry, available to undergo combustion at SOC. Similarly, Figure 7.3 (a) 
and (b) show an increase in the pHRR as the percentage energy from H2 is increased. 
This is expected, as H2 combusts in a premixed mode providing additional energy 
to that of the diesel fuel and, furthermore, H2 burns at higher adiabatic flame 
temperatures compared to diesel fuel, leading to higher in-cylinder gas temperatures 
during combustion. However, Figure 7.3 (c) shows no significant effect of either 
percentage O2 reduction or H2 substitution (up to 30% energy from H2) on the 
magnitude of pHRR. This can likely be attributed to two factors: Firstly, the 
change in the duration of ignition delay due to increasing EGR is relatively small. 
Secondly, the air flow rate at intake air pressure of 1.99 bar is quite high (approx. 
980 l/min), which means that even at the highest percentage energy input from H2 
of 41%, the H2 flow rate is relatively low (40 l/min) resulting in a very lean H2-air 
mixture inside the combustion chamber, and therefore lower flame temperatures 
during combustion. 
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 Exhaust gas emissions 
Figure 7.4 shows the specific exhaust gas emissions of carbon dioxide (CO2) for 
three intake air boost pressure-engine load combinations, at constant percentage 
reductions in intake O2 and varying percentage energy from H2. It can be seen from 
Figure 7.4 that at all three intake air pressure-load combinations, a decrease in the 
specific emissions of CO2 is observed as diesel fuel is substituted by H2 (increase in 
percentage energy from H2). This is expected as carbon containing diesel fuel is 
replaced by H2 which does not produce CO2 as a combustion product. No significant 
effect of changing the intake O2 concentration (% O2 reduction) on CO2 emissions 
Figure 7.4: Specific emissions of carbon dioxide (CO2) for three intake air boost-engine load 
combinations, at constant percentage reductions in intake O2 and varying percentage energy 
from H2 
(a) (b) 
(c) 
1.67 bar boost, 10 bar IMEP 
1.99 bar boost, 11.5 bar IMEP 
1.33 bar boost, 8.5 bar IMEP 
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is observed except for a slight increase in CO2 levels at 1.67 bar intake pressure 
(Figure 7.4 (b)), which corresponds to an increase in ignition delay observed in 
Figure 7.2 (b). 
Figure 7.5 shows the specific exhaust gas emissions of unburned total hydrocarbons 
(THC) for three intake air boost pressure-engine load combinations, at constant 
percentage reductions in intake O2 and varying percentage energy from H2. It can 
be seen from Figure 7.5 that at all three intake air boost pressure-engine load 
combinations, decreasing the intake O2 concentration (or increasing the % O2 
reduction) up to 1% point results in a decrease in THC emissions, with any further 
Figure 7.5: Specific emissions of unburned total hydrocarbons (THC) for three intake air boost-
engine load combinations, at constant percentage reductions in intake O2 and varying percentage 
energy from H2 
(a) (b) 
(c) 
1.99 bar boost, 11.5 bar IMEP 
1.33 bar boost, 8.5 bar IMEP 1.67 bar boost, 10 bar IMEP 
Chapter 7                                   7.2 Results and Discussion 
     
298 
  
decrease in intake O2 leading to an increase in THC emissions. The initial decrease 
in THC emissions may be a result of the increase in the duration of ignition delay 
(as observed in Figure 7.2), allowing more time for diesel fuel and air to mix prior 
to SOC. Further reduction in intake O2 concentration above 1% (intake O2 
reduction) may severely affect the availability of O2 for diesel fuel oxidation, 
prevailing over the influence of increased ignition delay on combustion phasing, and 
leading to increased THC emissions. Figure 7.5 does not show an apparent effect of 
displacement of diesel fuel by H2 on THC emissions. This might be because, at such 
relatively high engine loads of 8.5 bar IMEP and above, a substantial quantity of 
diesel fuel (diesel fuel flow rate ≈ 18 ml/min) is being injected in the combustion 
chamber and the displacement of some of this diesel fuel by H2 is not sufficient to 
have a significant effect on unburned THC exhaust emissions. 
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Figure 7.6 shows the specific exhaust gas emissions of oxides of nitrogen (NOx) for 
three intake air boost pressure-engine load combinations, at constant percentage 
reductions in intake O2 and varying percentage energy from H2. The effect of 
reducing intake O2 on exhaust NOx emissions is very apparent from Figure 7.6, for 
example, at 1.67 bar intake air pressure and 8% energy from H2, a 67% decrease in 
NOx emissions is observed when intake O2 level is reduced by 1%. This is expected, 
as the aspirated N2 displaces the intake O2 required for fuel oxidation (which 
reduces local flame temperatures) and for thermal oxidation of N2 to form NOx, 
thus reducing rates of reducing NOx formation.  
Figure 7.6: Specific emissions of oxides of nitrogen (NOx) for three intake air boost-engine load 
combinations, at constant percentage reductions in intake O2 and varying percentage energy 
from H2 
(a) (b) 
(c) 
1.99 bar boost, 11.5 bar IMEP 
1.33 bar boost, 8.5 bar IMEP 1.67 bar boost, 10 bar IMEP 
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A slight decrease in NOx emissions is observed at low levels of H2 substitution (< 
5% energy from H2) at all three intake air boost pressures in Figure 7.6. However, 
any further displacement of diesel fuel results in an increase in exhaust NOx levels 
(Figure 7.6). This can be explained by the following: Diesel fuel injected into the 
combustion chamber of the diesel engine used in this study can always be expected 
to produce significant quantities of NOx, because combustion of the spray takes 
place around the spray fringe where the diesel fuel-air equivalence ratio is at an 
approximately stoichiometric value. As diesel fuel is progressively removed and 
replaced by H2, this high rate of NOx production from diesel fuel is curtailed. At 
the same time, NOx production from H2 is not significant, because at such low levels 
of the H2 substitution, the H2-air equivalence ratio is still not sufficiently high for 
commensurate NOx production (or production at the same levels produced by the 
diesel fuel for which the H2 had been substituted). Hence a small drop in exhaust 
NOx emissions is observed. As the amount of H2 is increased, it appears that H2 
enhances the production of NOx by further raising the temperatures in the diesel 
fuel spray combustion zones. Therefore it seems that the H2 provides, locally, 
additional synergetic heat release and temperature rise, resulting in extra NOx 
formation, above NOx emission levels due to diesel fuel alone at a constant EGR 
level.  
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Figure 7.7 shows the specific exhaust gas emissions of total particulate mass (TPM) 
for three intake air boost pressure-engine load combinations, at constant percentage 
reductions in intake O2 and varying percentage energy from H2. It can be seen from 
Figure 7.7 that at 0% energy from H2 (that is, with only diesel fuel and no H2 
substitution), a substantial increase in exhaust TPM levels is seen when the intake 
O2 concentration is decreased above the 1% level. This is a similar trend to that 
observed for exhaust THC emissions (Figure 7.5), and is due to the reduction in O2 
availability as a result of displacement of intake air by N2, resulting in reduced 
oxidation of soot precursors in the diesel fuel spray and soot particles already 
Figure 7.7: Specific emissions of total particulate mass for three intake air boost-engine load 
combinations, at constant percentage reductions in intake O2 and varying percentage energy 
from H2 
(a) (b) 
(c) 
1.99 bar boost, 11.5 bar IMEP 
1.33 bar boost, 8.5 bar IMEP 1.67 bar boost, 10 bar IMEP 
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formed. The decrease in TPM levels as the percentage energy from H2 is increased 
is a result of replacing diesel fuel with a zero-carbon fuel (H2). The decrease in TPM 
levels is most apparent for the highest level of percentage O2 reduction of 3% at all 
three intake air boost pressure-engine load combinations, for example at 1.99 bar 
intake air pressure and 3% intake O2 reduction, a 50% drop in TPM level is 
observed at 15% energy from H2. Significant decreases in TPM levels of similar 
magnitude also occur at other percentage O2 reduction levels, for example, at 1.33 
bar intake air pressure and 2% intake O2 reduction, a 75% drop in TPM level is 
observed at 15% energy from H2. 
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Figure 7.8, Figure 7.9 and Figure 7.10 show the size distribution of the number of 
particulates in the engine exhaust gas from tests conducted in this study for three 
intake air pressure-engine load combinations, respectively, with various percentage 
reduction in intake O2 and varying percentage energy from H2. Figure 7.11 shows a 
typical size distribution of diesel engine exhaust particles, both in terms of number 
of particles and total mass of particles, where particles have been divided into 
categories based on their diameters. It can be seen from Figure 7.11 that almost all 
diesel engine particulates have diameters significantly lower than 1 µm and 
represent a mix of fine (Dp <2.5µm, PM2.5), ultrafine (Dp <0.1µm) and 
nanoparticles.  
First, considering the effect of decreasing the amount of intake O2 on the size 
distribution of the number of particulates, it can be seen from both Figure 7.8 and 
Figure 7.9 that as the percentage O2 reduction level is increased, the number of 
particles tends to increase significantly across the entire range of diameters (0.05-
0.2 µm). As discussed previously, this increase in the number of particles is due to 
the increasingly severe unavailability of O2 (as it is displaced by the aspirated N2) 
for diesel fuel combustion, which results in reduced rates of soot oxidation. The 
effect of decreasing the amount of intake O2 on the particle distribution is not as 
evident at the highest intake boost-engine load combination (1.99 bar boost-11.5 
bar IMEP, Figure 7.10), apart from an increase in the number of particles of 
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diameters ranging between 0.1 µm and 0.2 µm at the 3% O2 reduction level. Since 
these particles are on the large end of the particle size spectrum, they account for 
most the total particulate mass despite being fewer in number. This is the reason 
for the significant increase in total particulate mass emission observed in Figure 7.7 
(c) when the O2 reduction level is increased to 3%. 
Now, considering the effect of H2, it can be observed from Figure 7.8 and Figure 
7.9, at each percentage O2 reduction level, that the number of particles (of 
diameters between 0.05 µm and 0.2 µm) reduces as the percentage energy from H2 
is increased. The reduction primarily occurs for particles of diameters ranging 
between 0.05 µm and 0.2 µm, which (as can be seen from Figure 7.11), lie in the 
fine and ultrafine particle size range. The fine and ultrafine particles pose a serious 
health risk, as they can penetrate deeper into the lungs (as compared to particles 
in the PM10 size range) resulting in an increased risk of lung cancer, and 
cardiovascular and breathing disoirders (Raaschou-Nielsen et al. 2013). Hence, a 
reduction in the fine and ultrafine particles due to H2 substitution can potentially 
be quite beneficial in terms of the health hazards associated with particulates. As 
the percentage energy from H2 is increased above 22% in Figure 7.8 (a), a significant 
increase in particulates of diameter less than 0.02 µm is observed. 
At the highest intake boost-engine load combination (1.99 bar boost-11.5 bar IMEP, 
Figure 7.10), the effect of H2 is not very distinct except at the 3% O2 reduction 
level (Figure 7.10 (c)), where H2 substitution results in the reduction of particles 
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with diameters above 0.1 µm. As discussed before, since these large particles make 
up the majority of the total particulate mass, any reduction in these large particles 
results in a significant reduction in the total particulate mass (Figure 7.7). 
 Optimum H2 operating window based on exhaust gas emissions 
results 
Figure 7.12 shows the specific emissions of NOx and particulate mass for three 
intake air boost pressure-engine load combinations, at a constant 1% intake O2 
reduction level and varying percentage energy from H2. The 1% intake O2 reduction 
level was chosen as any further reductions in the intake O2 concentration result in 
an increase in exhaust unburned hydrocarbon emissions, which is undesirable. It 
can be observed from Figure 7.12 that NOx exhaust emissions increase when the 
percentage energy from H2 increases above 10%, however, below the 10% H2 level 
NOx emissions remain stable. Therefore, based on Figure 7.12, it can be suggested 
that the use of H2 would be favourable below a level of about 10% energy from H2 
(as shown by the shaded blue region on Figure 7.12), where there is no increase in 
NOx emissions. Additionally, the greatest particulate reduction benefit is obtained 
for the lowest intake air boost pressure-engine load combination (1.33 bar boost, 
8.5 bar IMEP), where a 50% reduction in the specific emissions of total particulate 
mass can observed at the 10% H2 energy contribution level (Figure 7.12). Similarly, 
the blue shaded region in Figure 7.13 shows the benefit of H2 in terms of CO2 
reduction whereby significant reductions in CO2 can be obtained without an 
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increase in NOx emissions, and this benefit occurs below the 10% H2 energy 
contribution level. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.12: Specific emissions of NOx and total particulate mass (TPM) for constant intake air 
pressure - engine load combinations and varying % energy from H2, at an intake O2 reduction 
level of 1%. 
Figure 7.13: Specific emissions of NOx and CO2 for constant intake air pressure - engine load 
combinations and varying % energy from H2, at an intake O2 reduction level of 1%. 
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 Conclusions 
 Decreasing the amount of intake O2 (simulating increasing EGR) being 
supplied to the engine, increased the duration of ignition delay due to 
displacement of O2 by the aspirated N2. No significant influence of H2 on the 
ignition delay was observed. 
 An increase in peak heat release rates was observed as the percentage energy 
being supplied to the engine from H2 was increased. This was attributed to 
the extra heat release during H2 premixed combustion and higher adiabatic 
flame temperatures of H2 relative to diesel fuel. 
 The specific emissions of CO2 reduced with increasing percentage energy from 
H2, due to displacement of carbon containing diesel fuel with H2. 
 Decreasing intake O2 concentration above the 1% level resulted in an increase 
in the unburned hydrocarbon emissions due to O2 unavailability for diesel fuel 
oxidation. No influence of H2 on unburned hydrocarbon emissions was 
observed. 
 Specific emissions of NOx were observed to increase but only when the energy 
contribution from H2 was increased above the 10% level. This increase in NOx 
emissions was attributed to H2-diesel co-combustion resulting in higher in-
cylinder temperatures relative to diesel fuel-only combustion. 
 Significant reductions in the total particulate mass were observed with 
increasing percentage energy from H2 especially at high percentage O2 
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reduction levels. For example, at the 1.33 bar intake air pressure  8.5 bar 
IMEP engine load combination, and 2% intake O2 reduction, a 75% drop in 
TPM level is observed at 15% energy from H2. 
 A reduction in the number of particles of diameter between 0.05-0.2 µm (in 
the range of fine and ultrafine particles) was observed with increasing 
percentage energy from H2, specifically at the low and mid- intake air boost 
levels. 
 Based on the exhaust emission results, it was suggested that H2 can have a 
favourable effect of reducing CO2 and particulate emissions with no increase 
in NOx emissions when the energy contribution from H2 is below the 10% level, 
at an EGR equivalent of 1% reduction in intake O2 concentration for all the 
intake air boost pressures - engine loads combinations tested in this study. 
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 Conclusions and recommendations for future 
work 
The main conclusions of the previous chapters are brought together in the following 
sections, followed by a global summary of the most important findings of the work 
conducted in this study. Claims as to the originality of this work are stated and 
recommendations for future work made. 
 Conclusions and summary 
 Literature review 
The following conclusions can be drawn from the review on technical literature 
presented in Chapter 2: 
 Hydrogen (H2) as a fuel does not produce carbon pollutants from combustion, 
has a wide flammability limit, high flame speeds and adiabatic flame 
temperatures, but can suffer from anomalies such as knock and backfiring. A 
review of literature suggests that the co-combustion of H2 with diesel fuel has 
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a varying effect on NOx emissions. Methane (CH4) has a narrow flammability 
limit, low flame propagation velocity, high ignition energy requirement, but 
excellent anti-knock properties. The use of CH4-H2 mixtures in IC engines was 
identified by various past researchers as having the potential to yield 
beneficial effects due to the complimentary properties of both the fuel gases. 
 A wide variety of timed in-cylinder gas sampling valves have been used by 
previous investigators in both SI and CI engines to extract and analyse the 
constituents of in-cylinder gas at various instants of the combustion cycle. 
The in-cylinder sampling systems have been used in conjunction with gas 
analysers, electron microscopy and chromatographic techniques, with the in-
cylinder gas sample typically collected in a collection bag. 
 Co-combustion of hydrogen and diesel fuel 
From the experimental investigation of H2-diesel fuel co-combustion carried out on 
a naturally aspirated diesel engine (Chapter 4), the following conclusions can be 
drawn: 
 NOx emissions (both exhaust and in-cylinder) were observed to increase very 
rapidly with the addition of H2 but only when the combined temperatures 
resulting from H2-diesel fuel co-combustion exceeded the threshold 
temperature for rapid NOx formation. 
 At low engine loads (below 4 bar IMEP), the addition of H2 promoted soot 
burnout due to elevated temperatures and higher oxidation rates; at 
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intermediate engine loads (between 4 and 6 bar IMEP), the effects of soot 
formation and oxidation counterbalanced each other; and at high engine loads 
(6 bar IMEP and above), the excessive displacement of intake O2 by H2 led 
to slightly increased rates of soot formation. 
 From in-cylinder gas sampling results it was observed that at early stages of 
combustion (10 CAD ATDC), NOx concentrations within the diesel fuel spray 
were lower than those measured in between two individual fuel sprays. This 
could be attributed to a higher concentration of H2-air mixture burning in 
between the sprays, combined with the combustion of significant amounts of 
diesel fuel vapour occurring between the sprays. This is expected to have 
resulted in high temperatures in the region between the sprays and, therefore, 
higher NOx formation rates in comparison to the NOx formation rates within 
the spray, where a deficiency of the H2-air mixture existed. 
The following points can be summarised from the study carried out on H2-diesel 
fuel co-combustion in a diesel engine with EGR (simulated by aspirating N2 and 
reducing intake O2) and intake air boost: 
 Based on the exhaust emission results, it was proposed that H2 can have a 
favourable effect of considerable reductions in CO2 and particulate emissions 
with no increase in NOx emissions when the energy contribution from H2 is 
below the 10% level, at an EGR equivalent of 1% reduction in intake O2 
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concentration for all the intake air boost pressures - engine load combinations 
tested in this study. 
 A reduction in the number of exhaust particles of diameter between 0.05-0.2 
µm (in the range of fine and ultrafine particles) was observed with increasing 
percentage energy from H2, specifically at the low (1.33 bar) and intermediate 
(1.67 bar) intake air boost levels. 
 Co-combustion of CH4-H2 mixtures with diesel fuel 
Regarding the effect of burning CH4-H2 mixtures (of various proportions) in a diesel 
engine, the following observation can be made: 
 At all the engine loads tested, exhaust CO2 emissions when burning CH4-H2 
mixtures were considerably lower as compared to CO2 emissions with diesel 
fuel only operation, attributable to the lower carbon to hydrogen ratio of CH4 
compared to diesel fuel. For all the CH4-H2 mixtures, a sharp increase in 
exhaust NOx emissions was observed with increasing engine load but only 
when the in-cylinder gas temperatures exceeded the threshold for NOx 
formation temperatures. Significant reductions in exhaust PM emissions were 
observed when diesel fuel was replaced by CH4-H2 mixtures, however, lower 
magnitudes of PM reductions were observed at higher loads (above 5 bar 
IMEP), due to excessive displacement of intake O2 by the aspirated CH4-H2 
mixture. 
Chapter 8                                   8.1 Conclusions and summary 
315 
  
 From in-cylinder gas sampling, in the case of H2-diesel fuel co-combustion, 
PM levels were higher in the diesel fuel spray as compared to between two 
sprays, most probably due to higher pyrolysis rates in the oxygen-lacking, 
fuel-rich core of the diesel fuel spray, and greater availability of air (and hence 
O2) in the region between sprays for oxidation of soot precursors. Conversely, 
in the case of CH4-diesel fuel co-combustion, PM levels were significantly 
higher between the two diesel fuel sprays relative to within the fuel spray. 
This was attributed to CH4 contributing significant quantities of particulates 
(unlike H2) to the total PM concentration produced from the CH4-diesel fuel 
mixture in between two sprays aided by higher temperatures in this region.  
 The in-cylinder gas composition results obtained from CH4-H2 mixtures were 
consistent with previous in-cylinder studies conducted by the author using 
only H2 or CH4. Higher NOx levels were observed when the H2 was present in 
a higher proportion in the aspirated CH4-H2 mixture. Comparing the NOx 
levels obtained with the two sampling arrangements, the NOx concentration 
was higher in the region between the sprays as compared to within the spray 
core, attributable to higher gas temperatures occurring in the region between 
the sprays. 
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 Co-combustion of CH4-CO2-H2 mixtures (simulating H2 enriched 
biogas) with diesel fuel 
The following main conclusions are presented from the work conducted on 
combusting CH4-CO2-H2 mixtures (in various proportions) in a diesel engine: 
 The thermal energy absorbing effect of the inert CO2 was evident in the slower 
increase of heat release, longer ignition delay periods and lower peak heat 
release rate when using CH4-CO2-H2 mixtures, as compared to diesel fuel only 
combustion. 
 Exhaust CO2 emissions were observed to be higher for the 60CH4:40CO2 
mixture as compared to diesel only combustion (and 80CH4:20CO2 mixture), 
indicating the desirability to scrub the biogas post-production to decrease its 
CO2 content. In-line with previous results, exhaust NOx emissions were seen 
to increase sharply when the in-cylinder temperatures went above NOx 
formation levels. Exhaust PM emissions for the 60CH4:40CO2 mixture were 
observed to be considerably greater as compared to both 80CH4:20CO2 
mixture and diesel only condition. The inclusion of H2 to 60CH4:40CO2 
mixture significantly reduced PM emissions, speculated to be due to higher 
post-combustion gas temperatures. 
 In-cylinder NOx levels were observed to be significantly higher in the region 
between two sprays for the 60CH4:40CO2 + 15% H2 mixture, as compared to 
the 60CH4:40CO2 mixture. This was attributed to the temperatures resulting 
Chapter 8                                   8.1 Conclusions and summary 
317 
  
from the combined CH4-H2-air mixture combustion being higher than those 
achieved by CH4-air combustion, resulting in higher NOx formation rates. 
 Summary of conclusions 
 A novel in-cylinder gas sampling system was developed which allowed gas 
samples to be collected from within the combustion chamber of an engine at 
any selected crank angle in the engine cycle. 
 The H2-diesel fuel co-combustion tests in a naturally aspirated engine provided 
some useful insights into the effect of H2 as a thermal energy source providing 
additional energy and increasing in-cylinder gas temperatures. 
 For the H2-diesel fuel co-combustion tests conducted with intake air boost and 
simulated EGR, an optimum H2 operating window was identified where the 
addition of H2 had a beneficial effect on exhaust emissions. 
 The addition of H2 to either CH4 or biogas (CH4-CO2) mixtures was seen to 
reduce ignition delay periods, increase peak heat release rates and reduce PM 
emissions (beyond simple carbon displacement) due to the higher post-
combustion gas temperatures. 
The following paragraphs provide a global summary of the conclusions of the thesis, 
comparing the exhaust emission and in-cylinder gas composition results obtained 
throughout the course of the project. 
Exhaust NOx emissions are observed to be primarily dependent on the temperature 
of the post combustion in-cylinder gases and secondarily on the intake O2 
Chapter 8                                   8.1 Conclusions and summary 
318 
  
concentration, which concurs with the thermal (Zeldovich) reaction mechanism 
(Miller & Bowman 1989). Below certain engine loads exhaust NOx emissions are 
seen to be quite minimal, which is attributed to the in-cylinder fuel gas-air mixture 
(with the fuel gas being H2 and/or CH4) being far too lean for NOx to form, with 
the resulting fuel gas combustion temperatures remaining below the threshold of 
NOx formation temperatures (~ 1800 K). The minimal amount of NOx being 
produced at these low engine loads can be ascribed to the combustion of the small 
amount of pilot diesel fuel being injected in the chamber (to ignite the fuel gas), as 
spray combustion always takes place where the diesel fuel-air equivalence ratio is 
at near-stoichiometric. As the amount of aspirated fuel gas is increased to increase 
the engine load (IMEP), the in-cylinder fuel gas concentration in the intake air 
becomes sufficient for the post combustion in-cylinder gas temperatures to reach a 
level at which the kinetically controlled NOx formation rates accelerate significantly, 
resulting in substantial exhaust emissions of NOx.  
The exhaust PM emissions were observed to be dependent on the two competing 
factors of soot formation and soot oxidation. The aspiration of fuel gas reduced the 
intake O2 concentration resulting in increased pyrolysis (fuel breakdown) rates. On 
the other hand, the high temperatures resulting from the combustion of the fuel 
gas led to a counteracting increase in thermal soot oxidation rates. Taking the case 
of H2-diesel fuel co-combustion as an example, it was observed that for engine loads 
below 4 bar IMEP, H2 had a beneficial effect on PM reduction beyond simple carbon 
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fuel displacement (as H2 was replaced by diesel fuel), which could be attributed to 
soot oxidation rates prevailing over the competing soot formation rates. At the 
maximum tested load of 6 bar IMEP, the reduction in PM emissions as a result of 
H2 were considerably smaller than that could be expected from the reduction in 
injected carbon (via diesel fuel) to the engine. It was speculated that this was due 
to substantial displacement of intake air by the aspirated H2, resulting in severe O2 
unavailability for diesel fuel combustion. 
A reduction in particulates which lie in the fine and ultrafine particle size range 
(between 0.05 µm and 0.2 µm) was observed with increasing percentage energy 
contribution by H2. A reduction of particulates in this size range is quite beneficial 
since these particulates pose a serious health risk. They can penetrate deeper into 
the air passages of the lungs (relative to large particulates) causing an increased 
risk of lung cancer, and cardiovascular and breathing disorders.  
Considering the NOx concentration in the collected in-cylinder gas samples when 
co-combusting fuel gases with diesel fuel, it was generally observed that during the 
initial stages of combustion, that is, at 10 CAD ATDC, NOx concentration in the 
region between the sprays was higher as compared to that within the spray core. 
Auto-ignition is first expected to occur at the near-stoichiometric diesel fuel-air 
pockets which, at 10 CAD ATDC, are more likely to occur in the region between 
two sprays, where there is a higher concentration of the fuel gas-air mixture. The 
gas temperatures resulting from the rapid burning of both premixed diesel fuel and 
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fuel gas-air mixture are expected to be higher than those required for thermal NOx 
formation, resulting in considerable NOx levels in the region between two sprays. 
On the other hand, at 10 CAD ATDC, the spray core is yet to break up by air 
entrainment (hence, combustion temperatures are low), and some of the energy 
released in this fuel rich region can be expected to be absorbed for fuel pyrolysis. 
Beyond 10 CAD ATDC, as the expansion stroke progresses, the effects of air swirl 
and reverse squish flow promote the redistribution of in-cylinder gaseous 
composition, leading towards homogenous conditions across the cylinder. 
 Claims of originality 
In the work done by previous investigators on engine in-cylinder sampling, the in-
cylinder gas sample was collected in a bag, requiring a  significant volume of sample 
to be collected (approx. 10 litres) so as to achieve steady readings from typical gas 
analysers. Since the volume of sample extracted from the cylinder every engine 
cycle is relatively small (approx. 4-6 cm3) (Zhao & Ladommatos 2001), filling a bag 
with sufficient volume can take considerable time. Furthermore, in the time interval 
between filling up a bag and analysing the collected gas sample, the sample cools 
down to room temperature, causing condensation of high boiling point species in 
the sample. The novel in-cylinder sampling system conceptualised and developed 
for this work is believed to make the extraction and analysis of engine in-cylinder 
gas samples considerably more efficient and accurate by drastically reducing the 
duration between collecting the sample from the engine cylinder and analysing it.  
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The sampling system was used to study the in-cylinder gas composition, and its 
effect on the pollutant exhaust emissions, when burning a variety of gaseous fuels 
(including H2, CH4, CH4-H2 and CH4-CO2-H2 mixtures), something which had not 
been undertaken previously. Through this work, a few new insights into the 
development of engine in-cylinder species during the combustion process were 
gained by the author. During the early stages of combustion, an appreciable 
contrast was observed in the concentration of pollutant species between the two 
sampling locations considered (between the sprays and within the spray core), while 
in the later stages of engine cycle, the distinction in species concentration (between 
the two locations) was considerably less. Furthermore, the combustion of H2 was 
observed to primarily have a thermal effect of adding energy to the on-going in-
cylinder combustion reactions, rather than a chemical synergetic effect between the 
H2 and the diesel fuel. The results obtained from this work will not only complement 
optical analysis undertaken using in-cylinder laser diagnostic techniques, but also 
contribute towards the validation of in-cylinder kinetic models based on 
computational modelling. 
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To date, this work has resulted in the publication of one peer-reviewed journal 
paper: 
 Talibi et al., Effect of hydrogen-diesel fuel co-combustion on exhaust emissions 
with verification using an in , International 
Journal of Hydrogen Energy, Volume 39, Issue 27, 12 September 2014, Pages 
15088-15102, ISSN 0360-3199, http://dx.doi.org/10.1016/j.ijhydene.2014.07.039. 
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 Recommendations for future work 
 Injection of fuel gases such as H2 and/or CH4 into the chamber: Instead of 
aspirating the fuel gases (as was done in this work), provision could be made 
to directly inject the fuel gas into the combustion chamber. This would have 
the benefit of not displacing some of the intake O2 hence preventing the 
increase in particulate formation at high H2/CH4 substitution levels. However, 
the fuel gas might not have enough time to mix homogenously with the air 
resulting in stratified combustion.  
 Co-combustion of synthesis gas (syngas) with diesel fuel: Syngas is produced 
through gasification of solid fuel feedstock and usually consists of carbon 
monoxide, hydrogen, methane, carbon dioxide and nitrogen in various 
proportions. It would be interesting to observe the effect of carbon monoxide 
(CO) on the combustion and emission characteristics, as CO can be expected 
to absorb heat energy and also use oxygen radicals to oxidise to CO2.  
 Characterization of in-cylinder charge motion: The sampling system can be 
quite a powerful tool to determine certain parameters such as the rotational 
speed of the in-cylinder air due to swirl effects. This can help further our 
understanding of the diesel fuel spray core breakdown and the mixing of fuel 
and air.
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The diesel fuel flow rate through the fuel injector is a measure of the flow of diesel 
fuel-bound carbon into the engine cylinder, and is important in determining various 
parameters such as the thermal efficiency of the engine and specific exhaust 
emissions (in g/kWh). The diesel injector was calibrated so that the volume of 
diesel fuel injected per engine cycle could be determined from the duration of 
injection period. The diesel fuel injector calibration was carried out using a burette 
with which the volumetric flow rate of diesel fuel was determined, at steady state 
conditions, with different diesel fuel injection duration periods (and therefore at 
different engine loads, bar IMEP) at an engine speed of 1200 rpm, as can be seen 
in Figure . The calibration tests were repeated after a couple of months and a good 
repeatability in the results was observed.
Figure A.1: Diesel fuel flow rate (ml/min) at different engine load (bar IMEP) for a single 
cylinder, half-litre engine at an engine speed of 1200 rpm 
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Methods of data analysis 
This appendix describes the methods of mathematical analysis carried out on the 
recorded experimental data in order to extract further information regarding in-
cylinder combustion behaviour. In particular, the in-cylinder pressure data was 
utilised to calculate heat release rates, duration of ignition delay, engine work 
output and the thermal efficiency of the engine.  
Heat release analysis 
The in-cylinder pressure data over a range of CAD can be utilised to obtain 
quantitative information on the progress of combustion which can be useful for 
further analysis of fuel burning behaviour. This section describes suitable methods 
of determining the instantaneous in-cylinder volume, rate of heat release (release of 
fuel chemical energy), duration of ignition delay and global in-cylinder gas 
temperature. 
In-cylinder volume calculation 
For all experiments conducted throughout this work, the instantaneous engine 
cylinder gas pressure was logged as a discrete value at intervals of 0.2 CAD over 
the entire duration of 720 CAD, of the four stroke engine cycle. In order to be able 
to further analyse the recorded data, it was necessary to know the cylinder volume 
(also referred to as the combustion chamber volume) at each interval of recorded 
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CAD. The total cylinder volume (V) changes with piston position, and can be 
calculated at a given CAD using (Heywood 1988), 
 𝑉 = 𝑉𝑐𝑙𝑒𝑎𝑟 + [𝐴𝑏𝑜𝑟𝑒(𝑙𝑐𝑜𝑛 + 𝑟𝑐𝑟𝑎𝑛𝑘 − 𝜎)] (B.1) 
where Vclear is the measured clearance volume, Abore is the cylinder bore area, lcon 
is the length of the connecting rod, rcrank  is the crank radius and σ  is the 
instantaneous stroke position. 
The cylinder bore area (Abore ) and instantaneous stroke position (σ) can be 
determined using, 
 
𝐴𝑏𝑜𝑟𝑒 =
𝜋𝐷𝑏𝑜𝑟𝑒
2
4
 (B.2) 
 𝜎 = 𝑎 𝑐𝑜𝑠(𝜃) + √𝑙𝑐𝑜𝑛
2 − 𝑎2𝑠𝑖𝑛2(𝜃) (B.3) 
 
where Dbore is the cylinder bore diameter and θ is the crank angle with respect to 
the piston TDC position. 
Apparent net heat release rate 
A one dimensional and single zone thermodynamic model, developed and evaluated 
through comprehensive study by previous researchers (Chun & Heywood 1987; 
Cheung & Heywood 1993), was used to derive the apparent heat release rate from 
in- heat release 
calculated utilises a number of assumptions including: the cylinder contents are 
homogenous and regarded as a single phase fluid making no distinction between 
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the burned and unburned gas regions or the non-uniformity in air-fuel ratio across 
the cylinder, the combustion process is considered as a separate heat addition 
process, no mass flow occurs across the system boundaries for the duration of heat 
release, the process is quasi static, the effect of crevice regions (such as the volume 
between the cylinder wall and piston) is not taken into consideration. 
The net heat release rate (Qn) is the difference between the gross heat release of 
fuel during combustion (Qch) and the heat transfer from the system to the cylinder. 
Hence, the net heat release rate (Qn) at any CAD can be expressed as, 
 
𝑑𝑄𝑛
𝑑𝜃
=
𝑑𝑄𝑐ℎ
𝑑𝜃
−
𝑑𝑄ℎ𝑡
𝑑𝜃
 (B.4) 
The net heat release rate can be derived from basic principles pertaining to the 
application of the first law of thermodynamics to cylinder volume, and is thus equal 
to the sum of the work done on the piston and the rate of change of sensible internal 
energy of the system (Us). The sensible changes in energy are due to temperature 
alone and not an effect of chemical reaction or phase change. Therefore, the 
expression for the net heat release rate (Qn) can also be written down as, 
 
𝑑𝑄𝑛
𝑑𝜃
= 𝑝
𝑑𝑉
𝑑𝜃
+
𝑑𝑈𝑠
𝑑𝜃
 (B.5) 
where p is the in-cylinder pressure. 
 
 
Appendix B 
328 
  
Since the contents of the cylinder are assumed to be behave as an ideal gas, that 
is, 
 𝑝𝑉 = 𝑚𝑅𝑇 (B.6) 
and, 
 𝑑𝑈𝑠 = 𝑚𝑐𝑣𝑑𝑇 (B.7) 
then Equation B.5 can be written as, 
 
𝑑𝑄𝑛
𝑑𝜃
= 𝑝
𝑑𝑉
𝑑𝜃
+ 𝑚𝑐𝑣
𝑑𝑇
𝑑𝜃
 (B.8) 
where m is the mass of the cylinder contents, R is the gas constant and cv is the 
specific heat constant for the cylinder contents at a constant volume. 
Since m and R are constants, the ideal gas law (Equation B.6) can be used to 
describe changes in temperature as a function of changes in pressure and volume, 
 
𝑑𝑝
𝑝
=
𝑑𝑉
𝑉
+
𝑑𝑇
𝑇
 (B.9) 
Combining Equations B.8 and B.9 gives the following expression for net heat release 
rate (Qn), 
 
𝑑𝑄𝑛
𝑑𝜃
= 𝑝 (1 +
𝑐𝑣
𝑅
)
𝑑𝑉
𝑑𝜃
+ 𝑉 (
𝑐𝑣
𝑅
)
𝑑𝑝
𝑑𝜃
 (B.10) 
Furthermore, the ratio of the specific heat constant at a constant pressure (cp) to 
the specific heat constant at a constant volume (cv) can be defined as, 
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 𝛾 =
𝑐𝑝
𝑐𝑣
 (B.11) 
Heywood (1988) recommends using a value of γ = 1.35 for the compression stage 
and a value of γ = 1.26 for the expansion stage of the cycle. For the sake of 
simplicity, an average value of γ = 1.30 was used for the net heat release rate 
calculations. 
The relationship between the specific heat constants and the gas constant (R) can 
be expressed as, 
 𝑅 = 𝑐𝑝 − 𝑐𝑣 (B.12) 
Therefore, substituting Equations B.11 and B.12 in Equation B.10, the following 
final expression for net heat release rate (Qn) can be derived, which was used 
throughout this work to calculate the net heat release rate at a resolution of 0.2 
CAD (equivalent to the resolution of the shaft encoder, which provided the time-
base signal for logging the data, described in Section 3.6.2), 
 
𝑑𝑄𝑛
𝑑𝜃
=
𝛾
𝛾 − 1
𝑝
𝑑𝑉
𝑑𝜃
+
1
𝛾 − 1
𝑉
𝑑𝑝
𝑑𝜃
 (B.13) 
The values for 
dV
dθ
 and 
𝑑𝑝
𝑑𝜃
 were determined by calculating the difference between the 
values of volume (V) and pressure (p) at the current (instantaneous) crank angle 
(n) for which the heat release (Qn) was calculated, and the values of V and p at the 
preceding crank angle (n − 1).  
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𝑑𝑉
𝑑𝜃
=
𝑉𝑛 − 𝑉𝑛−1
𝑑𝜃
 (B.14) 
 
𝑑𝑝
𝑑𝜃
=
𝑝𝑛 − 𝑝𝑛−1
𝑑𝜃
 (B.15) 
The value of p at each CAD was measured using the in-cylinder pressure transducer, 
while the value of V was determined using Equation B.1. 
Ignition delay 
The duration of fuel ignition delay was defined as the interval, in CAD, between 
the start of diesel fuel injection (SOI) and the start of combustion (SOC); SOI is 
taken to be the time (in CAD) at which the fuel injector actuation current signal 
is sent, and SOC is taken as the time (in CAD) at which the first detectable 
incidence of heat release occurs from fuel burning. The first detectable heat release 
Figure B.1: Typical net heat release rate (J/deg) from diesel fuel combustion, showing the 
start of combustion (SOC) as the point (in CAD) when the heat release first becomes 
positive after fuel burning 
-10 0 10 20 
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rate was determined from the trace of net heat release against CAD, as the point 
where the net heat release rate first becomes positive following fuel injection (Figure 
B.1). 
Cumulative heat release 
The cumulative heat release can be used to determine the total value of chemical 
energy released by the fuel for the duration of fuel combustion. The duration of fuel 
combustion was defined as the interval between SOC and the first incidence of 
negative heat release following peak heat release rate. The cumulative heat release 
(CHR) was found by integrating the heat release rate (determined using Equation 
B.13) for the entire duration of combustion, 
  𝐶𝐻𝑅 = ∫
𝑑𝑄𝑛
𝑑𝜃
𝜃𝑒𝑛𝑑
𝜃𝑠𝑡𝑎𝑟𝑡
𝑑𝜃 (B.16) 
Global in-cylinder gas temperature 
The global gas temperature within the cylinder, at any crank angle, can be 
estimated by following similar assumptions of homogeneity and ideal gas behaviour 
of in-cylinder contents, as outlined for the determination of heat release rate earlier. 
The temperature (T) can be calculated using the ideal gas law,  
 𝑇 =
𝑝𝑉
𝑛?̅?
 (B.17) 
where n is the number of moles of air and R̅ is the universal gas constant. 
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The number of moles of air was estimated from the measurement of the intake air 
volumetric flow rate (previously described in Section 3.1) during each cycle. The 
presence of fuel molecules or combustion products was not taken into account when 
calculating the total number of moles of the in-cylinder contents. Since compression 
ignition combustion is typically very lean and the cylinder contents are 
predominantly air, such an assumption was considered valid. 
Air mass flow rate 
The positive displacement volumetric flow meter (previously described in Section 
3.1) sent an output pulse to the data acquisition system for every 0.01 m3 of air 
passing through it. The time difference between two consecutive pulses was 
calculated, and the volumetric flow rate (V̇air), in m
3/s, was determined using, 
 ?̇?𝑎𝑖𝑟 =
0.01
𝑡𝑛 − 𝑡𝑛−1
 (B.18) 
As previously mentioned, the pressure (ṗair) and temperature (Tair) of the intake 
air was measured immediately adjacent to the volumetric flow meter, and the air 
mass flow rate (ṁair) calculated using, 
 ?̇?𝑎𝑖𝑟 =
?̇?𝑎𝑖𝑟?̇?𝑎𝑖𝑟
𝑅𝑎𝑖𝑟𝑇𝑎𝑖𝑟
 (B.19) 
where Rair = 287.058 J/kgK 
The volume of air lost during the valve overlap period was not included in this 
calculation as the valve overlap period was determined to be less than 5 CAD 
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(Schönborn 2009), and therefore, the volume of air lost during this period was 
assumed to be negligible (relative to the total intake air flow rate). 
Indicated mean effective pressure 
The indicated mean effective pressure (𝐼𝑀𝐸𝑃) defines the work output by the 
engine and is the ratio of the net indicated displacement work per cycle (𝑊𝑖) and 
the swept volume of the engine (𝑉𝑑), 
 𝐼𝑀𝐸𝑃 =
𝑊𝑖
𝑉𝑑
 (B.20) 
The net indicated displacement work per cycle ( 𝑊𝑖 ) can be determined by 
calculating the integral of the pressure with respect to the cylinder volume over the 
entire cycle, 
 𝑊𝑖 = ∮ 𝑝𝑑𝑉 (B.21) 
and taking into account the work done by/on the in-cylinder gas during each piston 
stroke, the expression for Wi can be expanded to, 
 
𝑊𝑖 = − ∫(𝑝𝑑𝑉)𝑖𝑛𝑡𝑎𝑘𝑒 + ∫(𝑝𝑑𝑉)𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 − ∫(𝑝𝑑𝑉)𝑒𝑥𝑝𝑎𝑛𝑠𝑖𝑜𝑛
+ ∫(𝑝𝑑𝑉)𝑒𝑥ℎ𝑎𝑢𝑠𝑡 
(B.22) 
The swept volume (Vd) can be determined from the cylinder bore area (Abore) and 
the piston stroke length (σ̅) using the following, 
 𝑉𝑑 = 𝐴𝑏𝑜𝑟𝑒 𝜎 (B.23) 
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Indicated thermal efficiency 
The indicated thermal efficiency of the engine (𝑛𝑡ℎ𝑒𝑟𝑚𝑎𝑙) was determined from the 
ratio of the indicated displacement work done per cycle (𝑊𝑖) to the measured total 
chemical energy of the fuel(s) that were introduced into the cylinder during each 
cycle. 
 𝑛𝑡ℎ𝑒𝑟𝑚𝑎𝑙 =
𝑊𝑖
∑ 𝑚 𝑄𝐿𝐻𝑉
 (B.24) 
where m is the measured mass of fuel injected and QLHV is the lower heating value 
of the fuel. The mass of gaseous fuel(s) that were fed into the intake manifold was 
measured using the thermal mass flow controllers (Section 3.4), while a calibration 
curve was used to determine the amount of diesel fuel injected into the cylinder 
every cycle. The calibration curve was obtained by performing a set of experiments, 
whereby the volumetric flow rate of diesel fuel injected into the cylinder was 
measured (using a burette and timer arrangement at room temperature and 
pressure) at a variety of fuel injection pressures and injector opening durations. 
Conversion to specific emissions 
For certain experiments involving intake air supercharging, it was necessary to 
convert the exhaust gas emission values from a volumetric fraction basis (ppm) to 
specific units of grams of emissions per kilowatt-hour of engine work output 
(g/kWh). This was done to compensate for the increased intake air flow rate, and 
hence increased exhaust gas flow rate, due to intake air supercharging, since specific 
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emissions normalise the emissions values against exhaust gas flow rate. The 
conversion was done using the numerical method of atomic balances described in 
considerable detail in Chapter 4 of the PhD thesis of Schönborn (2009). 
Determination of sampling valve parameters 
The trace from the displacement proximity sensor installed on the sampling valve 
was used in conjunction with threshold detection software, written in the NI 
LabVIEW environment, to determine the poppet valve opening and closing instants, 
the valve opening duration and the maximum valve lift. The details of the 
monitoring system of the sampling valve have been previously described in Section 
3.7.7. 
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Figure C.1: One of the two intake valves on the 1st cylinder of the engine head 
replaced by a dummy valve with threaded hole for the sampling valve  
 
Figure C.2: Tip of the gas sampling valve protruding through the dummy valve 
in the cylinder head 
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Figure C.3: A small part at the edge of the piston bowl (of diameter 15 mm and 
depth 10 mm) was removed to prevent the sampling valve tip from hitting the 
piston 
Figure C.4: Heated dilution tunnel (insulated) with various electromagnetic solenoid 
valves to control gas flows in and out of the tunnel 
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Figure C.5: The gas sampling valve mounted on the engine cylinder head. A bracket 
was used to reduce the stress on the long valve stem due to engine vibrations  
 
LVDT 
sensor 
Figure C.6: The amplifier electronics box and power supply for the LVDT proximity 
sensor mounted on the gas sampling valve 
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Figure C.7: Adjustable power supply for the electromagnetic actuation system of 
the gas sampling valve 
Figure C.8: Kistler charge amplifier (type 5018) for use in conjunction with the 
piezoelectric transducer mounted on the engine head to measure in-cylinder gas 
pressure 
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Figure C.9:  Bronkhorst EL-Flow thermal mass flow controllers which precisely 
meter the amount of gas being supplied to the engine 
Figure C.10: Positive displacement air flow meter (Romet G65) to measure 
the volumetric flow rate of intake air being supplied to the engine 
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Figure C.11: Intake air boot system including the electric motor, supercharger and charge 
air cooler (which is a heat exchanger for maintaining intake air temperature) 
Figure C.12: Potentiometer controller to control the speed of the electric 
motor, which drives the supercharger in the intake air boost system 
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Air Inlet 
Exhaust 
Figure C.13: Single cylinder, compression-ignition engine assembly 
Figure C.14: Emtronix electronic engine control unit and heated 
tunnel PID control box 
 
PID 
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Figure D.1: Certificate of analysis for the fossil diesel fuel used in the experiments presented in 
this thesis (page 1 of 2) 
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Figure D.2: Certificate of analysis for the fossil diesel fuel used in the experiments presented in 
this thesis (page 2 of 2) 
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Figure D.3: Calibration certificate for the Kaman 1U1 proximity sensor mounted on the in-
cylinder gas sampling valve 
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Figure D.4: Calibration certificate for the Kistler piezoelectric pressure transducer 
mounted on the cylinder head to measure in-cylinder gas pressure 
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Figure D.5: Calibration certificate for the damping vessel which is part of the intake air system 
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Figure D.6: Thermal mass flow controller 1 calibration certificate for H2 
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Figure D.7: Thermal mass flow controller 2 calibration certificate for CO2 (page 1 of 2) 
 Appendix D  
     
351 
  
 
 
Figure D.8: Thermal mass flow controller 2 calibration certificate for N2 (page 2 of 2) 
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Figure D.9: Thermal mass flow controller 3 calibration certificate for CO2 
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